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ABSTRACT
Gossypol, a yellow pigment in cotton plant,ghas been
considered to be an effective male oral contraceptive in
China. In this study with ejaculated boar spermatozoa as an
investigation model, various physiological effects at a
considerable large range of gossypol concentrations have been
investigated. At the cellular level, the forward motility
was inhibited, and the respiration was affected in a biphasic
manner: stimulation at low gossypol concentration and
inhibition at high concentration. In the presence of oligomycin,
this gossypol effect was shown to be a typical uncoupler of
oxidative phosphorylation. The sensitivity of gossypol
inhibition on the electron transport chain was studied with
proper substrate donar and reaction monitoring site. It was
found that the succinate to cytochrome C segment is more
vulnerable to gossypol effect.
In the enzyme level, gossypol exhibited a largr diversified
inhibitory effect at high concentrations. Whether there is
a slight pre-inhibition stimulation depends on enzyme species.
In general, the enzymes can classified into three groups:
the pre-inhibition stimulation group (I) the inhibition
group (II) and the inert group (III). Group (I) involves
lactate dehydrogenase (total) aconitase -ketoglutarate
dehydrogenase succinate dehydrogenase and intact mitochondrial
ATPase. Group (II) involves hexokinase lactate dehydrogenase (X)
citrate synthase NAD-isocitrate dehydrogenase succinyl-CoA
synthetase fumarase NAD-malate dehydrogenase and acrosin.
Group (III) involves carnitine acetyltransferase and various
ATPases from the sonicating preparation of spermatozoa.
In brief, the gossypol effect on spermatozoa is many fold.
It is likely that lethality are obtained by a co-operating
inhibitory effect of many of these inhibitions.
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1CHAPTER ONE GENERAL INTRODUCTION
(I) GENERAL DESCRIPTION OF GOSSYPOL
A. Gossypol- a secondary metabolite of Go,gossyrium:
Cottonseed, a side product of cotton, was once included
extensively in animal feeds in American until it was later
identified that its yellow pigment, gossypol, exerted a
toxicity to animals. Gossypol is widely distributed through-
out the whole cotton plant (genus gossyrium, subtribe
hilisceae natural order mavaceae) but is mostly concentrated
in kernal (Gallup, 1928 Royce et as., 1941). Cottonseed
contains, on the average 45% hulls and linters and 55%
kernels. A cross-section of the seed kernel, a pointed
ovoid body approximately 8- 12 mm in length, discloses
the pigment glands as dark sports which are relatively
large, ovoid spherical bodies, 100- 400 microns in length.
Oil is embedded in the tissue in minute droplets. The
amount of gossypol in raw cottonseed kernels various consider-
ably and depends on the species, the environment, and specific
varieties concerned (Schwartze and Alsberg, 1923 Gallup, 1936
Goldovskii and Podol' skaya, 1951 Pons et al., 1953
Stansburg et al., 1954). In 1 861, Kuhlmann obtained Cotton-
seed blue from the Foots of cottonseed oil refining. It
is a very crude form of gossypol as considered by later
investigators (Kozhevnikova and Gil'tburg, 1936). Five years
2later, Lon gmore indenpently observed and isolated from
the Foots of crude cottonseed oil a pungent, brown
alkali-soluble solid, which was identified to be impure
gossypol (Lillie and Bird, 1950). The first pure crystilline
gossypol was isolated in 1899, thirty-eight years after
its discovery, by Marchlewski (Macy and Mendel, 1921), who
named it gossypol as it was derived from gossyp(ium phen)ol
to indicate its orgin and its chemical nature (Adams e aL.,
1960). In the following years, standard methods to isolate
gossypol from cottonseed kernels were established (Carruth,
1 91 7 Swensen et as., 1942 Bydagyan et as., 1948 Castillon
et ae., 1953). The procedure involves an extraction of
ground cottonseed kernels with low-boiling petroleum ether
to romove the bulk of the oil, which is followed by
extraction with diethyl ether (peroxide-free) to remove the
gossypol along with the residual oil. An addition of acetic
acid to the carefully concentrated ether solution results
in the separation of gossypol-acetic acid as brownish crystals.
Further purification can be achieved by reprecipitation
from a clarified ether solution by means of acetic acid.
B. The chemical properties of gossypol
1. Molecular formula- C30H3008
2. Molecular weight- 518.54
3. Structural formula- see Figure 1-1
4. Its crystal is polymorphic, their melting points varies
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Figure 1 -1 Structure of Gossypol
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5. Solubility- It is insoluble in water, very slightly
soluble in petroleum ether, soluble in
ordinary organic solvents such as methanol,
ethanol, diethyl ether, chloroform, dimethyl-
formamide, and freely soluble in diluted
aqueous solution of alkali with slow
decomposition.
6. Gossypol-acetic acid- It is a lossely bound complex
of one molecule of gossypol
and one molecule of acetic acid,
and can be used in place of
gossypol in most reactions. The
addition of acetic acid to gossypol
solution in many solvents causes
the precipitation of brownish
crystals of gossypol-acetic acid,
which exists only in one crystalline
form, with bright yellow plates
melting at 187°C. Analogous complexes
have been formed with formic,
5propionic and butyric acid
(Campbell et ae., 1937). The
acetic acid can be removed by
merely allowing an ether solution
of gossypol-acetic acid to evaporate
in contact with an aqueous layer
in which gossypol is separated as
a crystilline solid (Campbell et ae
1937). Other procedures have
also been described in which
sodium hydroxide (King and Thurber,
1953) and sodium carbonate
(Pons .ai ae., 1959) were used
to remove the acetic acid. Free
gossypol can also be obtained
from the acetic acid complex by
steam distillation in vacuo
(Kozhevnikova and Gil' tburg, 1936).
C. Historical studies of gossypol toxicity:
Early studies have been focused on the toxicity of
gossypol to animals, and these results can be conveniently
summarized in the table- (Table 1 -1)
6Table 1-1 Historical studies of gossypol toxlcltiy
Nature of experiment Observation Reference
1. Cottonseed as animal feed First published account Macy, 1 921
for livestock, of injury to livestock Schwartze, 1926
(1895).
2. Toxicity on rats with Rats on low vitamin A were Gallup, 1 931
various vitamin more susceptible to gossy- Eagle and Bialek,
deficiency. pol poisoning than those 1950
fed on complete diets or Ambrose and
on diets deficient in other Robbins, 1951
vitamins. Administration of
gossypol caused a depress-
ion of appetite, and in
non-fasting experiments the
depression of body weight




Nature of experiment Observation Reference
3. Gossypol-fed rabbits and Development of Harms and Holley,
pigs hypoprothrormbinemia 1951
4. Gossypol-fed dogs, at 15- Incidence of diarrhea, Eagle, 1950
200 mg/kg body weight per anorexia, weight loss,
day for 5- 12 days, by and led to final death.
stomach tube.
5. Gossypol-fed dogs, at Only slight decrease in Eagle, 1950
reduced dosage of 1- 5 food intake and body
mg/kg body weight per day, weight.
by stomach tube.
6. Gossypol-fed chicks. Development of hemolytic Rigdon ei at.,
anemia, a ceroid-like 1958
pigment appeared in the
duodenal villi and the




Nature of experiment Observation Reference
7. Gossypol effects on The most common effect was Alsberg and
circulatory system. cardiac irregularity Schwartze, 1919
death of an animal was
caused by circulatory
failure.
8. Gossypol effects on oxygen- Gossypol prevented the Menaul, 1922
carrying capacity of the liberation of oxygen from Menaul, 1923
blood. oxyhemoglobin and showed
a hemolytic effect on
erythrocytes. In gossypol
poisoning, an extreme
burden was placed upon the
respiratory and circulatory
organs owing to the reduced
oxygen-carrying capacity
of the blood.
9. Gossypol effects on Subacute cases of gossypol Alsberg and
respiratory organs. poisoning resulted in Schwartze, 1919
death from pulmonary edema.
(to be continued)
Table 1-1 (continued)
Nature of experiment Observation Reference





ion of 25-35 mg/kg body
weight to rats.
Caused edema and intestinal
inflammation.
Menaul, 1922
12. Gossypol effects on
digestion.
Gossypol interfered marked-
ly with the digestion of
cottonseed globulin and
casein in vitro by pepsin
and trypsin. The incomplete
digestion by animals of the
protein in cottonseed meal






D. The biochemical effects of gossypol:
In 1959, a first report on gossypol inhibition was
noted on endogenous respiration, xanthine oxidase, succinate
dehydrogenase and cytochrome oxidase of chicken liver
homogenates (Furguson et ae., 1959). Later, Myers and
Throneberry showed that, gossypol inhibits the activities
of many enzymes and enzyme-complexes associated with the
tricarboxylic acid cycle and the electron transport chain
in mitochondrial preparation of sweet potato, avocado and
beef heart. Gossypol was further shown to inhibit phosphory-
lation at concentration having no appreciable effect on
oxidation (Myers and Throneberry, 1966). On the contrary,
a stimulatory activity was observed in rat liver microsomal
oxidases treated with gossypol (Abou-Donia and Dieckert,
1971). The uncoupling effect of gossypol on succinate
oxidation in mitochondrial preparation from soybean has
been reported by Killion, Shirley and Frans (Killion et ae.,
1968). Later, Abou-Donia and Dieckert extended the study
of the uncoupling effect to rat liver mitochondria in DLZ/Lo,
and documented concretely the uncoupler role of gossypol
as it stimulated mitochondrial respiration at low concentrat-
ions, inhibited it at high concentration; abolished ADP/O
and respiratory control ratios; reversed inhibition caused
by oligomycin; stimulated ATPase activity at low concentrat-
ion, but inhibited it at high concentration (Abou-Donia and
Dieckert, 1 974-)• Besides its uncoupling effect, gossypol
inhibits proteolytic enzyme activities. An early study
indicated that gossypol markedly inhibits the digestion
of cottonseed globulin by pepsin and trypsin (Jones and
Waterman, 1923). More recent studies also revealed that
gossypol inhibits the autocatalytic conversion of pepsinogen
to pepsin at low pH (Tanksley e.t at., 1 970).
At this point, it is apparent that the interactions
are highly diversified and gossypol interacts readily
with a wide range of biologically active proteins. In
classical cottonseed processing, the cooking or the heat
moisture treatment might have partly inactivated the toxicity
of gossypol (Adams at.y 1 960). This inactivation is
likely to have involved a reaction of free amino groups of
the protein molecules with gossypol (Withers, 1921; Clark,
1928; Gallup, 1928; Baliga and Lyman, 1957; Dechary, 1957;
Conkerton and Frampton, 1959). Baliga found that the free
€ —amino groups of lysine could account for practically
all of the free amino groups in cottonseed protein (Adams
e,i at., 1 960). This led to the suggestion that gossypol
is bound to proteins through lysine residues by its two
carbonyl groups. Such a reaction decreases the solubility
of gossypol in diethyl ether or in acetone, and renders
it no longer extractable by these solvents. Gossypol in
this form is called bound gossypol. Bound gossypol can
be removed from cottonseed meal by chemical procedure,
and the removal of bound gossypol increases the lysine
availability (Baliga and Lyman, 1957). To document this
interaction, gossypol-protein complexes have been prepared
by the use of pure gossypol and purified proteins (Castillon
and Altschul, 1950; Baliga and Lyman, 1957). As the result
of the formation of the complex, which consumes the free
lysine, the lysine availability was shown to have decreased
to about one-half of the original value (Baliga and Lyman,
1957).
More detail study came from the work of Lyman, Baliga
and Slay. When gossypol combines with bovine serum albumin
or with cottonseed proteins, the reaction is shown to
involve the free €-amine groups of lysine residues. The
ratio of moles of free lysine 6-amine groups which disappear
to moles of gossypol combined with protein varies according
to the conditions of the test. Under a defined condition,
the ratio is two, indicating that both carbonyl groups of
gossypol are linked to the lysine residues. Sedimentation
velocity studies with bovine serum albumin-gossypol complex
preparations showed the presence of one to four different
components depending on the gossypol content of the preparat¬
ion, suggesting that gossypol cross links protein molecules
to form dimers, trimers and tetramers. Electrophoretic
study of bovine serum albumin-gossypol complex showed that,
13
with progressive increase in gossypol content, the rate
of movement toward the anode increases progressively,
implying that the positive charges on bovine serum albumin
decrease progressively as gossypol content increases.
Furthermore, spectroscopic study indicated that both the
- and E -amino groups of free lysine could react with
gossypol (Lyman. ei- a2., 1959).
In the study of inhibition of pepsinogen activation
by gossypol, it was found that gossypol could not be removed
from pepsinogen even by extensive dialysis of the gossypol-
pepsinogen preparations. These gossypol-pepsinogen preparations
were hydrolyzed much less extensively by trypsin and- papain
than was pepsinogen under identical conditions. Determination
of free C.-amino groups in the gossypol-pepsinogen preparat-
ions also suggested the lysine residues are involved in
the binding of gossypol to pepsinogen (Tanksley e.t ag.,
1970).
As lysine is a major component in many functional
proteins, it is likely that a diversified biochemical
effect of gossypol may have stemmed from a non-specific
interaction of its carbonyl groups with lysinic -amino
group in cellular components.
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( II ) GOSSYPOLAS A MALE CONTRACEPTIVE
A . Present statue of the search of male contraceptives:
In the past several years , an intense interest to
develope methods for male contraception has developed . It
results partly from a sincere concern with possible adverse
reactions associated with the use of the pill by women ,
partly from a definite social trend toward a sharing of
responsibility for family planning between partners , and
partly from a desire expressed by many men to assume control
over their own fertility . In contrast to the situation with
respect to females , where successful oral contraceptive
agents are available , investigators are still searching
for a satisfactory oral male contraceptiveagents . Further -
more , the search for such contraceptiveagents has been
somewhat oblique compared to the direct approach in seeking
such an agent for the female . ( Paulsen, 1977 ) .
The search for new methods has followed several path -
ways : use of agents to interfere with gonadotropinsecretion ,
agents to interfere with sperm maturation , and agents that
might directly disrupt spermatogenesis. The major categories
of these agents are discussedbelow : -
I . Plant extracts: -
Lithospermum rudenale has been the most extensively
studied plant extract . It was concluded that this agent
is antiestrous and probably works by means of inactivat -
15
ing gonadotropins. Inhibition of ovarian and testicular
function occurred following administration of it orally
g
to animals. However, interest in these extracts gradually
declined, presumably due to their unacceptable toxicity
(Paulsen, 1977).
2e Antineoplastic agents:-
In animals, antineoplastic agents have been studies for
their possible contraceptive properties with.a hope to
develope them for human. applications. However, clinical
studies were avoided due to a deep concern for their
potential toxicity (Paulsen, 1977).
3. Steroidal compounds:-
a) 19-norsteroids: Norethandrolone is a potent gonado-
tropin inhibitor capable of inducing
azoospermia in men. It is a mild
androgen but not sufficient to maintain
libido and sexual potential (Paulsen
i ae., 1962)
b) Danazol: Oral administration can effectively decrease
endogenous testosterone level with no decrease
in serum luteinizing hormone (LH) level,
and practically insignificant alternation
in sperm production (Sherins i at., 1973).
When it is used in combination with a potent,
long acting androgen, a sharp reduction in
16
sperm production occurs (Skoglund and
Paulsen, 1973). They act synergistically
in terms of gonadotropin suppression, and
the action is reversible (Paulsen, 1977).
c) Cyproterone acetate: It is an antiandrogen and anti-
gonadotropin. It:interferes with
sperm production and-maturation
in a rather unusual manner. The
ejaculated sperms, despite little
change in motility, have lost
their ability to penetrate the
cervical mucus. There. is no
significant or persistent decrease
in libido or sexual. potential
though cyproterone acetate possesses
both antiandrogen and progestat-
ional properties (Paulsen, 1977).
4. Amebicides:-
Compounds characterized by the bis(dichloroac.etyl)diamines
can suppress spermatogenesis in rats, dogs and monkeys,
presumably not through a suppression in gonadotropins
(Coulston, 1960). The most potent one is "WIN 18,446."
However, adverse reaction such as bloating and hyper-
peristalsis were noted in human. Furthermore, men taking
these drugs cannot consume any alcohol. The reason for
17
this is that these drugs interfere with the oxidation
of ingested alcohol and result in increased. blood
levels of acetaldehyde (Paulsen, 1977).
5. Agents that interfere with sperm maturation:-
-chlorohydrin is capable of inducing temporary sterility
in rats, guinea pigs and monkeys by interfering with
the epididymal function. However, it exerts the toxic
effects on the bone marrow and kidney. Its analog,
d-1-amino,3-chloro-2-propanol hydrochloride, which gives
a similar sterilizing effect, was also noted the toxicity
recently (Cobnola and Saldarini, 1974 Paulsen, 1977).
6. Agents that directly disrupt spermatogenesis:-
5-thio-D-glucose disrupts spermatogenesis (Zysk ei aL., 1975;
Hamm et aL., 1976). It was claimed to safe and effective
under proper dosage (Paulsen, 1977). However, its anti-
fertility activity, reversibility and mode of actions
renuire further investigation (Lobl and Porteus, 1977).
In general, a perfect male contraceptive is still not in
sight. Gossypol, on the other hand, appears to be a favorite
contraceptive in view of its specific antispermatozoal effect
with low toxicity to other main organs under proper dosages
(see following paragraphs).
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B . D iscovering the contraceptivefunction of gossypol :
I n C hina , utilizationof cottonseedoil as an anti -
fertility agent to control population was proposed as
early as 1 9 5 7 , but was . unfortunatelyleft unenforced. I t
based on the finding that raw cottonseed oil as food oil
raised a high infertilize ratio in a particular region
in C hina ( D ai et ae . , 1 9 7 8 ; W ang et as . , 1 9 7 9 a ) . I ndependent
work in C hina towards an understandingof cottonseed oil
as male contraceptivethen led to the discovery that the
active antifertility component in raw cottonseed oil is
gossypol( W ang et . ae . , 1 9 7 9 a ; N ationalcoordinatinggroup
on male antifertilityagents, 1 9 7 8 ) . I n 1 9 7 2 , the anti -
fertility effect of gossypol in men was confirmed in clinical
applications. I t was claimed that over 4 , 0 0 0 healthy males
who had fed gossypol for more than six months at a dosage
of 2 0 mg / day became infertile because of spermatozoa)
defect . T he successrate was claimedto be as high as 9 9 %
( N ational coordinating group on male antifertility agents ,
1 9 7 8 ) .
T he contraceptive effect ofossypol :
I n clinical studies , healthy males who had received
gossypol administrationfor a certain time at a dose of
2 0 mg / day showed a decrease in sperm motility and an increase
in the number of abnormal sperm , which led eventually to
azoospermia. I n addition , detached spermitids and spermato -
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cytes were also observed in semen. Electromicroscopic
examination of sperms collected from treated subjects reveal-
ed the presence of damaged and incompletely developed acrosomes
or even devoid of acrosomes. These defective sperms have
loose nuclei and randomly arranged midpiece mitochondria..
A histochemical study indicated that the succinate dehydrogenase
and lactate dehydrogenase activities in the midpiece are
reduced while the acrosin activity remains unchanged.
Nevertheless, all these-features resumed normal three months
after cessation of gossypol administration (National coordinat-
ing group on male antifertility agents, 1978).
Similarly, when male rats were fed with husked cotton-
seed meal or raw cottonseed oil for about one month, most
spermatozoa in vas deferens were dead, with the characteristics
of head detachment and swelling of the midpiece plasma
membrane. The severity of damages in the spermatozoa appeared
to increase as they passed down the epididymal tract: more
severe in the caudal region than in the caput region.
Reappearance of healthy spermatozoa in vas deferens in
rats after one month cessation of feeding cottonseed oil
was also noted. In testis of rats, fed with gossypol for
one month, a local degeneration of seminiferous tubules
with fewer sperm counts was shown only occasionally in some
cases, while in most cases the seminiferous tubules were
normal with normal spermatogenesis. The interstitial cells
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showed no apparent change. On longer gossypol administrat-
ion, however, the above-mentioned symptoms and a change in
the basement membrane of germinal epithelium would occur
at a higher frequency. The epididymis of the experimental
rats were usually lighter than that of the control ones.
Abnormal spermatids and spermatozoa were found in the tubuluc
of epididymis of most treated rats. The storage of dead
spermatozoa in the caudal epididymis led to the presence
of phagocytes. In two months, the administration might
induce an inflammation in the epididymis. Rats administered
with gossypol showed similar effects to that administered
with cottonseed meals or oil. The efficiency depended on
the dosage (Dai et ae., 1978a Wang e.t at., 1979a; National
coordinating group on male antifertility agents, 1978).
Except morphological alternation in spermatozoa, rats
fed with gossypol showed normal serum luteinizing hormone
(LH) level, and their pituitaries had normal response to
luteinizing hormone releasing hormone (LRH). The plasma
testosterone levels of rats-and monkeys were also not
affected by gossypol treatment. In human, the serum testo-
sterone and luteinizing hormone levels were indifferent to
gossypol administration. Similarly, pigs fed with gossypol
also showed normal serum follicle stimulating hormone (FSH)
level. On the contrary, rabbits fed with gossypol were found.
to show slight fluctuation in serum follicle stimulating
21
hormone level (Wang e2. at., 1979a National coordinating
group on male antifertility agents, 1978).
The effect of gossypol on the sexual activities of
rats is still a controversy. It seems that the effect on
coital behavior lies on the dose of gossypol the subjects
receive. As high dose may seemingly leads,to a deteriorat-
ion in the health of the rats, the decrease in coital behavior
may be an indirect effect of gossypol (Dai et al., 1978a
Wang et al., 1979a National coordinating group on male
antifertility agents, 1978).
Administration of gossypol at a high dose (10 mg/kg
body weight/day) for two to three weeks reduced the activitie
of the experimental rats. Inhibition of body growth was
observed after ten weeks administration (Wang et al., 1979a).
The symptom was first initiated by a depression of appetite.
This body weight reduction was more obvious at the first
two weeks of administration during which most of fats stored
in the animal body were gradually consumed (Dai et- al.,
1978a). A loss in weight of the skeletal muscle of rats
was also noted (Qian et al., 1979a). This body weight
reduction effect were equally observed for gossypol and for
cottonseed raw oil the effect was dose-dependent.
After cessation of gossypol administration to rats,
all the gossypol symptoms were reversed: normal spermatozoa
in the epididymis and vas deferens, the healthy cell
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structure in the testis and epdidiymis (Dai e-t at., 1978a
National coordinating group on male antifertility agents,
1978) standard sperm count (National coordinating group
on male antifertility agents, 1978) regular sexual activities
normal body growth and various other physiological parameters
in the experimental animals (Dai et al., 1978a Ko et al.,
1979 Wang et al., 1979a National coordinating group on
male antifertility agents, 1978). There was no teratogenic
and birth defect after the cessation of gossypol administrat-
ion (Dai et al., 1978a Wang et al., 1979a National co-
ordinating group on male antifertility agents, 1978).
D. Metabolism and distribution of gossypol in the body:
Gossypol is only slowly absorbed in the gastrointestal
tract. The half-life of gossypol in rat gastrointestal
tract has been shown to be 9.6 hours. Gossypol is not
degraded in the stomach while only a small fraction is
degraded in the duodenum. The intaken gossypol is mainly
eliminated through the feces, with only a small amount
through the urine or from the lung in the form of carbon
dioxide (Wang et al., 1979b National coordinating group
on male antifertility agents, 1978). Gossypol is excreted
also through the bile, substantiating the existence of a
hepatointestinal circulation in the metabolism of gossypol
(Ko et al., 1979 Wang et al., 1979b National coordinating
group on male antifertility agents, 1978). The half-life of
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gossypol in the whole body (rats of 60- 70 g) is 28 hours
(Wang e.f at., 1979b). However, when the half-life was
studied in the rats of 100- 200 g using 14C-gossypol as tracer,
it was found to be 60 hours (Ko et. at., 1979). This discre-
pancy might result from a change of metabolic rate in these
two age group rats.
Liver is the main gossypol depot. The content of gossypol
in spleen, lung, blood, kidney, heart and testes decreases
in order while that in fat and muscle are very little. The
gossypol content is below detectable range in the brain
(Wang at ae., 1979b; National coordinating group on male
antifertility agents, 1978). This distribution pattern
shows minor variation at different dose and different
duration of gossypol administration. For chronic administrat-
ion of gossypol to rats, liver, testes, epididymis and
serum contain gossypol in a decreasing order (Ko et at.,
1979).
E. Toxicity of gossypol:
At low dosage, gossypol has no apparent toxicity. Oral
administration of gossypol to rats, 7.5 mg/kg body weight/
day, for one year gives normal blood, bone marrow, serum
glutamate-oxaloacetate transarninase (SGOT), blood urea and
electrocardiogram profiles. Normality has also been observed
in various organs and the interstitial cells of the testes
(National coordinating group on male antifertility agents, 1978).
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At a higher dose, 10 mg/kg body weight/day, higher levels
of SGOT and serum -globulin in rats have been noted after
gossypol administration for only three months (Wang e.t at.,
1979a), while normal histochemical results on many enzymatic
activities are observed even after six months administration
(National coordinating group on male antifertility agents,
1978). This shows a differential effect of the gossypol
toxicity.
A minor side-effect of gossypol has been reported to
have diagnosed hypokalemia in some cases (Qian e.t at., 1979a
National coordinating group on male antifertility agents,
1978). Gossypol was shown to cause potassium ion leakage
from rabbit heart in ULtro, and this leakage could be
reversed by addition of magnesium (Qian et at., 1979b).
For the whole body potassium ion metabolism, the gossypol
effect was only found in pigs and not in other mammals
(Qian e-t at., 1979a). This study does not rule out the
possibility of gossypol influence on the intracellular
potassium ion content. Experiments with rats fed with either
normal diet, or low potassium and low magnesium ion diet
indicated that in all cases the serum levels of potassium,
sodium, calcium and magnesium ions were not affected by
gossypol at low dosage, and the kidney function was normal.
While under high gossypol dosage, rats fed with low potassium
ion diet showed lower intracellular potassium and magnesium
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ion contents in all the skeletal muscles (Qian e at., 1979a).
Natural existing gossypol is a racemic mixture. The
dextro-rotatory gossypol (d-gossypol) (obtained from 7he3pezia
P opubnea) possesses no significant antifertility effect or
toxicity (Wang et at., 1979a). The aldehyde groups and the
hydroxyl groups have been found to be needed for the anti-
fertility effect (Wang et as., 1979a).
F. Mechanism of gossypol antifertility action:
The defect in spermatozoal function is the main and
direct cause of gossypol antifertility effect. The mode of
action of gossypol at the molecular level has never been
documented in literature. However, several points become
clear.
From gossypol distribution study, the contents in testes
and epididymis are only one-sevenths to one-tenths of that
in the liver. At such a high concentration, nevertheless,
the liver cells show no damage under microscopic observation.
The fact that a death. of spermatozoa in epididymis at this
very same condition indicates that spermatozoa might be
more sensitive to gossypol toxicity (Ko at et., 1979).
A study of gossypol administration and calculation
based on the spermatogenesis timetable showed that the
spermatids at differentiating stages were more sensitive
to gossypol. This damage effect appeared when the spermatozoa
passed into the caudal epididymis region (Dai et ae., 1978a).
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A ligature study at the junctions of testis and
various regions of epididymis, followed by the observation
of spermatozoal gross morphology, indicated the action site
of gossypol might be in the testis. The affected spermatozoa
in the testis are then transported to the epididymis where
the defect developes. This action site might be in the late
period of spermatogenesis, probably during the period of
the acrosome formation or the maturation of spermatids
(Dai and Dong, 1978).
Morphologically, the seminiferous tubule and various cell.
types in the germinal epithelium such as sertoli cell,
spermatogonia, primary spermatocytes to spermatids have been
shown normal after gossypol administration, and their
ultrastructures are typical. Essentially, the spermatogenesis
process is basically accomplished, with only spermatozoa
that are close to maturation, leaving the sertoli cell and
passing onto the lumen do show some swelling in the midpiece
mitochondria. This finding and the observation that a serious
swelling existing in the sperrnatozoal midpiece mitochondria
in the caput epididymis have been interpreted to mean that
the most sensitive elements for gossypol in the seminiferous
tubules are the spermatids during the maturation stage
(Dai et at., 1978b).
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(III) PURPOSES OF OUR STUDY
This research project aims at studying the gossypol
antifertility effect and other possible physiological effects
of gossypol on spermatozoa. As most of the recent studies
have focused on the grand morphological and clinical whole
organism investigation, our interest is placed on its mode
of action at the subcellular level as well as at the molecular
level.
Although it is believed that the site of gossypol anit-
fertility action appears to be the spermatids during it
maturation in the seminiferous tubules, boar ejaculated mature
spermatozoa have been chosen as the tested organism model.
since: 1) our pilot study. indicated that gossypol is also
active in boar mature spermatozoa and 2) an adequate amount
of spermatozoa would be available for various studies. It is
hoped that this study will help to provide foundamental
information for further studies of gossypol effect on male
sterility at the molecular level.
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Mature spermatozoa, being isolated cells entity, possess
all major physiological functions of living cells.It is a
simple yet highly differentiated model system for chemical-
organism interaction studies. Motility is one of the essential
features of. the living spermatozoa and can be conveniently
monitored to serve as a measure of the normality of the
spermatozoal physiological profile. The motility index is also
a measure of the fertilizing capacity of the spermatozoa, which
is in fact the most meaningful function of the spermatozoa.
As mentioned in the introductory chapter, the effect of
gossypol in developing spermatozoa is antispermidic. In this
chapter, the gossypol effect on mature spermatozoa in vLiiz.o
has been investigated. For spermatozoa to migrate, the energy
comes from adenosine 5' -triphosphate (ATP) (Harrison, 1977).
Gossypol has been shown previously to have an uncoupling
effect on oxidative phosphorylation (Abou-Donia and Dieckert,
1974). In respirating spermatozoa, an uncoupling of oxidative
phosphorylation presumably will lead to a drop in endogenous,
ATP level. This chapter also includes a study of the effects
of gossypol on respiration of the mature spermatozoa.
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MATERIALS AND METHODS
Boar semen, obtained from the Agriculature and Fisheries
Department of Hong Kong, was collected from large white and
landrace strain with an average age of two and half years by
the artificial vagina method as reported by Polge and Gomes
(Polge, 1972 Gomes, 1977).
All chemical reagents used in the experiments were of
analytical grade. The gossypol, in the form of gossypol-acetic
acid, was purchased from Sigma Chemical Co., (U.S.A.).
Boar semen samples were kept in thermoflask maintained at
15 C- 20°C by cold water for delivery and for storage. The
crude semen was first filtered by sterilized gauge to remove
gelatinous particles. Sperm count and motility observation
(a preliminary monitoring of motility to eliminate weakly
motile semen batches) were carried out on a haemacytometer
under a microscope. Only those batches with sperm count above
150 millions/ml and not less than 80% progressively motile
were adopted for experiments (Tso et at., 1980).
To prepare the spermatozoa for studies, the filtered semen
was centrifuged for three minutes at 700g (by IEC clinical
centrifuge) at room temperature to sediment the remaining
gelatious particles which had not been removed by the gauge
filter. The 700g supernatant was then centrifuged at 1,300g
for five minutes at room temperature. The sedimented spermatozoal
population was resuspended gently in a small volume of the
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corresponding assay medium.
Seminal plasma was separately collected as the supernatant
by twice centrifugation of the semen at 13,000g for fifteen
minutes at 4°C to remove all spermatozoa.
Gossypol solution was prepared by dissolving gossypol-
acetic acid in 0.5M sodium hydroxide solution and used AFRESH!
This alkaline gossypol solution was added to the appropriate
buffer for both respiratory and motility measurements. Where
pH adjustment was needed to bring the final solution back to
a designed pH, a 0.5M hydrochloric acid solution was employed.
For respiration study (in terms of oxygen consumption
rate), the assay medium contained 4 ml of 10% (v/v) seminal
plasma in isotonic Trris-Cl buffer (0.172M Tris), pH 7.0
(Tso ei- at., 1980). In all assays, the spermatozoal population
was adjusted to 80x106sperms/ml, and the temperature was
maintained at 25°C±0.5°C. The spermatozoal respiratory rate
.was followed with a YSI Model 53 Biological Oxygen Monitor
(Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio,
U.S.A.). Five minutes incubation for the specimen to reach
a steady respiratory rate was allowed before 0.04m1 gossypol
solution at its appropiate concentration was added. The
respiratory rate was recorded for fifteen minutes. Gossypol,
though dissolved in diluted sodium hydroxide solution, has
been checked to have no apparent pH change in the isotonic
Tris-Cl buffer.
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For forward motility assay, Krebs-Ringer bicarbonate
solution was employed (Wong and Yeung, 1978). It is in the
following composition: NaCl 118mM KCl 4.7mM CaCl2 2.56mM
MgSO4 1.13mM NaH2PO4 1.17mM NaHCO3 25mM. In assay, it was
supplemented with 2 mg/ml D-glucose and was bubbled with
95% 02/5% CO2 gas mixture to maintain pH 7.4 until used. The
assay medium contained 10% (v/v) seminal plasma in the modified
Krebs-Ringer bicarbonate solution. The 1,300g sedimented
spermatozoal pellet was resuspended in this assay medium to
give a final concentration of 1.5x1 06sperms /ml and the 4 ml
spermatozoal suspension was preincubated at 25°C for ten minutes.
To this suspension, 0.04 ml gossypol solution was added. The
effect of gossypol on the spermatozoal forward motility was
assayed by the photographic method after 2.5 minutes and 15
minutes incubation, also at 25°C (Acott and Hoskins, 1978).
Photographic tracks of motile spermatozoa were recorded with
a Nikon biophot microscopy (Nippo Kogaku K.K. Japan) operated
at 40x magnification and by darkfield illumination. The Fuji
Film (Neopan SS, ASA100) was employed. Even though the slide
was not under temperature control, the room temperature was
maintained at 25°C±1°C. The tracks generated by the motile
spermatozoa were photographically recorded with a five seconds
exposure period under darkfield illumination. For the track
length measurement, the scale of the haemacytometer taken
under the same situation was used for calibration. To give
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satisfactory statistics, usually four photos, each containing
about 200- 300 spermatozoa, were measured for each gossypol
concentration.
RESULTS
A. Effect on spermatozoal motility:
The spermatozoal average forward speed is employed
as a parameter to express the effects of gossypol on
spermatozoal forward motility. Figure 2-1 shows the dose
effect of various gossypol concentrations on the forward
motility. Two curves represent an immediate gossypol effect
(2.5 minutes) and a delayed effect (15 minutes). It is
apparent that, both curves show similar inhibition pattern.
The thresholds of motility inhibition all begin at approximate-
ly 10-5M. For the immediate effect, the irregular shape
of the curve, with a motility reversion at higher than
7.5x10-5M gossypol, seems unusual. As the general profile
in both curves belongs to a gradual dose-dependent inhibit-
ion type, a minor irregularity such as this small reversion
was not further persevered and the possibility of an
experimental error though unlikely, should still not be
eliminated. At 3x10 6M gossypol, a small motility stimulation
is obvious. This stimulation might be factual as the similar
stimulatory profiles which have been repeatedly documented
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Figure 2-1
Effect of gossypol on spermatozoal forward motility
The measured motility represents an average motility of the
motile spermatozoa. At the 5 seconds exposure period, usually
about 20% of the spermatozoal population was caught in motion.
Each value at one concentration denotes an average ±s.d..
Values were obtained at( o) 2.5 minutes and (O-)
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in gossypol effects on other parameters of spermatozoal
physiology (see the following chapters). The fifty per
cent inhibition concentrations in both curves are 3.2x10-5 M.
B. Effect on spermatozoal respiration:
The spermatozoal respiration responses to gossypol
biphasically-stimulated at low concentration and inhibited
at high concentration (Figure 2-2). The stimulating effect
begins as low as 10-6M gossypol and rises exponentially at
higher concentrations with a peak at 3.2x10-5M which is
then followed by a sharp reduction. Respiration completely
ceases at 3.2x10-4M. Quite probable, a respiratory drop at
higher than 3.2x10-5M gossypol may be a measure of several
effects on respiratory alternation at which uncoupling as
well as other inhibiting reactions leading to lower the
respiratory process might have in operation.
The gossypol effect is also time-dependent, which
is clearly shown at above 3.2x10-6M gossypol. This effect
was the result of the chemical event (inhibition) and not
simply due to an aging phenomenon as cells are stood in
rest since no decrease in respiratory rate was detected
in control experiment without the addition of gossypol.
It is very likely that this time-dependent effect reflects
a composite effect of a stimulating one and an inhibiting
one, the latter being gradually more intensified in action
Figure 2-2
Effect of gossypol on spermatozoal respiratioi
In the presence of gossypol (at higher than 3.2x1-6 M), a
slight but gradual time-dependent reduction of respiratory
rate was observed. In order to compare the gossypol effect at
various gossypol concentrations, the average respiratory rates
taken over the periods from either 0-5 minutes;
5-10 minutes 0r 10-15 minutes after
gossypol addition were measured. The assay was carried out at
25 C. The 100% respiratory rate in the absence of gossypol is
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over the former one.
Taken together, the two concentration ranges, one at
which motility inhibition begins to be detected and the other
at which respiration begins to show enhancement, parallel to
each other.
DISCUSSION
Gossypol is toxic to mature spermatozoa. This effect
takes place at considerably low concentration and comes
immediately. Whether this motility inhibition is a direct
outcome of energy deprivation due to gossypol uncoupling is
not known. Incidentally, the motility drop coincides with
a respiratory stimulation (Presumably due to uncoupling).
Alternatively, a direct or indirect biochemical reaction of
gossypol with a cellular component involved in the translocat-
ional process, such as the sperma.tozoal flagella, leading to
cell arrest should not be ruled out. Likewise, interaction
of gossypol, which has been well-regarded of its high reactivity,
with spermatozoal motility regulatory system, for example the
ions level across spermatozoal plasma membrane, is equally
acceptable since the intracellular environment was claimed to
be important for the spermatozoal motile system (Harrison,
1977).
Conventional mitochondrial uncoupler, such as 2,4-dinitro-
phenol, inhibits bull ejaculated spermatozoal motility. It acts
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also at fairly low concentration similar to gossypol (Lardy
and Phillips, 1943). Gossypol has been shown to be a mito-
chondrial uncoupler in previous study (Abou-Donia and Dieckert,
1974). As most uncouplers show biphasic modulation of respirat-
ory rate in general, this may suggest that this specific gossypol
effect on in vLt'o mature spermatozoa may be mainly a result
of uncoupling. However, this point requires further support.
There is a major difference between these two effects.
The effect on motility is not time-dependent while that on the
respiration is time-dependent. If energy in the form of ATP
level is really the main ta.rget of the gossypol inhibition,
then the reason why the motility (say at 3.2x10-5 M) is not
differentially affected by different respiratory rate might
be due to the presence of a sizable ATP pool in the cell thus
making a momentarily change in ATP synthesis for as long as
fifteen minutes insignificantly. The sensitivity of the
detecting measurements on the other hand may not allow any
further meaningful detailed interpretation of the minor
difference in these two inhibitory patterns. When experiment-
ation is feasible, however, this different effect deserves
further investigation.
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As documented in chapter two, the respiratory rate was
affected by gossypol. Previous study of gossypol effect on
various oxidative respiratory enzymes showed that gossypol
inhibits cytochrome oxidase and succinate dehydrogenase
activities at higher concentration, and the oxidation of
succinate by the whole electron transport chain (succinoxidase)
at a comparatively lower concenatration. This led to the
suggestion that the electron transport chain segment between
succinate dehydrogenase and cytochrome oxidase is more sensitive
to gossypol inhibition. The mode of action of gossypol was
once thought to be similar to that of antimycin A, napthoquinones
and 2-heptyl-4-hydroxyquinoline-N-oxide. It has been shown
that the oxidation of many tricarboxylic acid cycle intermediate
organic acids is inhibited by gossypol in about the same
manner as that in the oxidation of succinate, though to a less
extent. Comparatively speaking, gossypol inhibition of NADH
oxidation is less than that in other tricarboxylic acid cycle
intermediates (Myers and Throneberry, 1966). In this chapter,
it is hoped to locate the most gossypol inhibition sensitive
segment in the electron transport chain in the spermatozoal
41
mitochondria .
In order to investigate different segments of the electron
transport chain , it is necessary to choose an uncomplicated
working system for study . Since in the intact spermatozoa, the
midpiece mitochondria are protected by a plasma membrane ,
the exogenous substrates added to the assay medium are not
freely accessible to the mitochondria( Fawcett , 1977 ) . This
substrate availability depends heavily on the permeability
of the substrate type by the plasma membrane . In addition to
this , the seminal plasma , which is supplementedto the assay
medium for spermatozoal motility and respiratory rate studies
( chapter two ) , contains undefined amount of various substrates
such as fructose , lactate and citrate ( Mann , 1969 ) . Further -
more , the endogenous substrate pool in spermatozoa containing
presumably various levels of acetylcarnitine , which is readily
metabolizable through the tricarboxylic acid cycle ( Harrison ,
1977 ) , will also affect the respiratoryrate .
Because of all these factors , it is riot a straight forward
evaluation of spermatozoa ) mitochondria respiration with the
intact whole spermatozoa. On the other hand , this study can
be made simple by using hypotonically - treated spermatozoa
( Keyhani and Storey , 1973 Calvin and Tubbs , 1978 ) . Hypotonic
treatment gives the disruption of the spermatozoal plasma
membrane but the midpiece mitochondriaare still intact , and
retain essentially all features of functional mitochondria
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isolated from other cells ( Keyhani and Storey , 1973 Calvin
and Tubbs , 1978 ) . The treatment exposes the mitochondriato
the assay medium and eliminates unwanted endogenous substrate
sources . The most common substrates for mitochondrial respirat -
ion study , namely pyruvate and malate , or succinate along ,
were employed in our study .
Besides the study on respiration of spermatozoal mitochon -
dria , various segments of electron transport chain in this
organelle were also investigated by using the sonicating
preparation of spermatozoa . The electron transport chain is
essentially a succession of chain redox reactions in which
the product of an earlier event serves as a substrate for the
following event . By a proper choice of the substrate and
a specific monitoring system for a designed product in any
reaction step , it is possible to study the effectiveness
of gossypol in inhibiting a particular regional reaction in
the whole chain . Many common electron carriers such as ubiquinone
and cytochromeC are frequently used . With these carriers ,
four complexes in the electron transport chain can be studies
individually. They are : complex I ( NADH to ubiquinone)
complex II ( succinate to ubiquinone ) complex III ( ubiquinone
to cytochromeC ) and complex IV ( cytochromeC to molecular
oxygen ) ( Errede eZ at . , 1978 Hatefi , 1978 a Hatefi , 1978 b
Hatefi and Stiggall , 1978 ) . In this study , we only employed
cytochrome C as carrier and studied the electron transport
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chain segments from NADH to cytochrome C, from succinate to
cytochrome C, and from cytochrome C to molecular oxygen.
MATERIALS AND METHODS
The boar semen was obtained from the Agriculture and
Fisheries Department.
All'chemical reagents used in the experiment were of
analytical grade. The following reagents were purchased from
Sigma Chemical Co., (U.S.A.): cytochrome C gossypol-acetic
acid oligomycin rotenone antimycin A NADH and morpholino-
propane sulfonic acid (MOPS).
Hypotonically-treated spermatozoa were prepared by the
method from Calvin and Tubbs (Calvin and Tubbs, 1978) with
slight modification as shown below:- Spermatozoa were washed
twice with the solution containing 0.2M sucrose and 60mM MOPS
(pH7.4 by KOH) by centrifugation at 15°C to 20°C. The spermato-
zoal pellets were then suspended in 5mM MOPS solution (pH7.4
by KOH) and kept in ice-bath for ten minutes, followed by
centrifugation at 1,300g, five minutes, at 0°C to 4°C. The
hypotonically-treated spermatozoa so obtained were resuspended
in the assay medium containing 0.2M sucrose 60mM MOPS 10mM
KH2PO and 5mM MgCl2 (pH7.4 by KOH).
The respiration of hypotonically-treated spermatozoa
was studied as in the intact spermatozoa (chapter two), and
the assay medium was supplemented with either 10mM pyruvate
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and 10mM DL-malate, or 10mM succinate. The temperature was
maintained at 30°C±0.5°C. When pyruvate and malate were employed
as substrates, the respiration was studied by using the
spermatozoal population of 250xl06sperms/ml. While in the case
of succinate as substrate, the spermatozoal population of
100x106sperms/ml was employed.
To prepare spermatozoal sonicating preparation for electron
transport chain segments study, spermatozoa were washed twice
with 0.1M potassium phosphate buffer solution (pH7.0) by
centrifugation at 15°C to 20°C. The spermatozoal pellets were
then suspended in the solution containing 0.1M potassium phosphate
10mM EDTA 0.1%(w/v) sodium deoxycholate 1%(w/v) BSA (pH8.0),
gave a cell density of about 750xl06sperms/ml and sonicated at
0°C. Sonication was operated in 30 seconds bursts with 30
seconds cooling set at 20KHz with a.need.le probe operating at
75W, by using the Sonicator Cell Disruptor (Model W 200R, Heat
System-Ultrasonics, Inc., Plainview, New York, U.S.A.). The
total sonication time was ten minutes. After centrifugation
at 500g, 5 minutes, at 0°C to 4°C, the supernatant was collected
and saved in ice-bath for all electron transport chain segments
studies. The 500g supernatant was employed in order to minimize
the turbidity. It contained mitochondria and mitochondrial
fragments (Harrison, 1 971 Brooks, 1978).
The study of cytochrome G to molecular oxygen segrnent
based on the methods of Smith (Smith, 1955) and of Brooks
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(Brooks, 1978). Reduced cytochrome C was prepared by adding
0.166ml of 1.2M sodium hydrosulfite (Na2S204 to 1 ml of
cytochrome C (10 mg/ml) in 0.1M potassium phosphate buffer,
pH7.0. The excess hydrosulfite was destroyed by shaking the
reduced cytochrome C solution in air for three minutes. The
assay medium, final volume 3ml in photocell, contained 69M
reduced cytochrome C and various concentrations of gossypol
in 0.1M potassium phosphate buffer, pH7.0. The reaction was
started at 25°C by the addition of the sonicating preparation
(500g supernatant). The decrease in absorbance at 550nm was
recorded by the Cary 210 spectrophotometer (Varian Associates,
Inc./Palo Alto, Californi, U.S.A.). The initial linear change
in absorbance was used for the calculation of initial reaction
rate.
The study of NADH to cytochrome C segment based on the
method of Mahler (Mahler, 1955). The study of succinate to
cytochrome C segment based on the methods of Singer (Singer
and Kearney, 1957) of Veeger (Veeger an., 1969) and of
Brooks (Brooks, 1978). The assay medium, final volume 3ml
in photocell, contained 20mM succinate (in succinate to cyto-
chrome C segment assay) or 0.5mM NADH (in NADH to cytochrorne C
segment assay), 1mM potassium cyanide and various concentrations
of gossypol in 40mM potassium phosphate buffer, pH7.6. As
cytochrorne C (oxidized form) could be reduced by higher
concentrations of gossypol under this condition (data not shown),
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the cytochrome C solution (oxidized form) was added immediately
before the addition of the sonicating preparation (500g super-
natant) to a final concentration of 16 M. The reaction was
run at 25°C, and the increase in absorbance at 550nm was recorded
by the Cary 210 spectrophotometer. The initial reaction rate
was calculated as before.
RESULTS
A. Effect on the hypotonically-treated spermatozoa respiration:
Figure 3-1-A shows the effect of gossypol on the
respiration of hypotonically-treated spermatozoa with
pyruvate and malate as substrates. Similar study with
succinate as substrate is recorded in Figure 3-1-B. In both
studies, at almost all gossypol concentrations, a gradual
time-dependent reduction of respiratory rate profile was
notes.
With pyruvate and malate as substrates, at low gossypol
concentration, a respiratory stimulation with a maximum
at 3.2x10-5M gossypol was detected. Unlike intact spermatozoa,
however, further increase in gossypol concentration showed
no drastic respiratory inhibition. Up to 10r3M gossypol,
still 40% of the respiratory activity remained.
When succinate was used, quite a different profile was
observed. Firstly, a lower stimulation. was seen (maximun
140% at 10-5M). Secondly, a fast and more sensitive inhibition
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Figure 3-1
Effect of gossypol on hypotonically-treated spermatozoal
respiration
Hypotonically-treated spermatozoa were employed for the
experiment. In general, the presence of gossypol gave a
slight but gradual time-dependent reduction in respiratory
rate. For comparison, the rates at various time intervals
were tested and the average respiratory rates, taken over
the periods from either 0-5 minutes (0-) 5-10 minutes
(-•-•--•) or 1 0-1 5 minutes(--°-----') after gossypol
addition were recorded. All assays were carried out at 30 °c.
In panel A, sodium pyruvate and sodium DL-malate, both at
10mM, were employed as substrates. The control experiment
gave a respiratory rate of 32.2 nmole 0 2 /hr/10 8 sperms (100%).
In panel B, sodium succinate, at 10mM, was used instead.
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was depicted. At 1.8x10-4M gossypol., the respiratory rate
has been reduced to 20% (compared to 200% in pyruvate and
malate as substrates). This differential inhibition pattern
may imply that gossypol inhibits more severely succinate
metabolism than pyruvate and malate metabolism.
B. Effect on the electron transport chain segments of spermato-
zoal mitochondria:
Figure 3-2-A shows the dose response of the NADH to
cytochrome C segment to gossypol. Neither stimulation (at
lower concentration) nor inhibition (at high concentration)
is remarkable. At 3.2x10-4M gossypol, a concentration which
has resulted to complete respiratory arrest in intact spermato-
zoa, the NADH to cytochrome C segment still retains 850
activity. The slight stimulation concentration range, 3.2x10-5M,
also coincides with that detected in intact spermatozoa
respiration and in hypotonically-treated spermatozoa respirat-
ion with.pyruvate and malate as substrates. As this segment
is not coupled to oxidative phosphorylation (see Figure 3-2
legend), this slight stimulation does not seem to be evolved
from an uncoupling effect by gossypol.
The dose response curve of the succinate to cytochrome C
segment to gossypol is depicted in Figure 3-2-B. This segment
is very sensitive to gossypol inhibition. The inhibition
begins around 1 .8x10-5M, and at 5.6x10-5M, the activity has
been reduced to 10%, with half inhibition of activity at
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Figure 3-2
Effect of ossypol on the functions of various spermatozoal
electron transport chain segments
Spermatozoa were sonicated and the 500g supernatant was
used for the assay. The activities of these electron transport
chain segments showed no depreciation in the whole assay
duration (2 to 4 hours). Each segment was verified by the
specific inhibitors of electron transport chain (rotenone,
antimycin A and cyanide). All experiments were carried out
at 25°C.
In panel A, the electron transport chain from NADH to cyto-
chrome C was studied in an assay medium containing 0.5mM
NADH; 6µM cytochrome C and 1mM potassium cyanide. 100%
activity is equal to 243 nmole cyt C reduced/ruin/108sperms.
Introduction of oligomycin at 1µg/ml did not altered the
activity (96%), while the presence of antimycin A at 5µM
reduced the activity to 28%'. Similarly, the presence of
rotenone at 20uM reduced the activity to 27%.
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In panel B, the electron transport chain from succinate to
cytochrome C was studied in an assay medium containing 10mM
succinate, 16 M cytochrome C and 1mM potassium cyanide.
100% activity is equal to 10.5 nmole cyt C reduced/min/10 8 sperm
Oligomycin (1 g/ml) had no effect on the activity (103%).
The presence of antimycin A (5pM) reduced the activity to
14% while the presence of rotenone (20 M) reduced the activity
to 84%.
In panel C, the electron transport chain from cytochrome C
to molecular oxygen was assayed in a medium containing 6911M
reduced cytochrome C. 100% activity is equal to 2.64 nmole
cyt C oxidized/min/108sperms. Addition of oligomycin (1 g/ml)
had no effect (105%). The presence of 1mM potassium cyanide
eliminated the activity to 1.2%.
CONCENTRATION OF GOSSYPOL (M)
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about 3.2x10-5M. No obvious stimulation was evident (108%
at 10-5M).
The dose response curve of the cytochrome C to molecular
oxygen segment is depicted in Figure 3-2-C. This segment
is the cytochrome aa3 complex or cytochrome oxidase, which
is the terminal oxidase of the electron transport chain.
Like the NADH to cytochrome C segment, cytochrome oxidase
is relatively inert to gossypol inhibition over the concentrat-
ion range studied. At 3.2x10-4M, the highest concentration
studied, cytochrome oxidase still exhibits 80% activity.
On the contrary, gossypol at 10-4M concentration stimulates
the cvtochr_ome oxidase activity up to 230%.
Of all three electron transport chain segments studied,
only the succinate to cytochrome C segment indicates severe
gossypol toxicity at low gossypol concentration. This
gossypol sensitivity of succinate oxidation was also detected
with hypotonically-treated spermatozoa respiratory study
employing succinate as substrate. The finding is consistent
to that reported previously in sweet potato particulate
preparation (Myers and Throneberry, 1966).
DISCUSSION
In hypotonically-treated spermatozoa, the respiratory
rate in the presence of gossypol depends on the type of
substrates studied.
In the presence of pyruvate and malate, malate is converted
by malate dehydrogenase to oxaloacetate with NADH generation,
and pyruvate is converted by pyruvate dehydrogenase to acetyl-CoA
with also NADH generation. The products, oxaloacetate and
acetyl-CoA will condense by citrate synthase to .form citrate
in the tricarboxylic acid cycle. In essence, with pyruvate and
malate as substrates, the electrons from the substrates are
channelled into electron transport chain mainly as NADH. The
substrate metabolism also involves all tricarboxylic acid cycle
enzymes and pyruvate dehydrogenase.
On the other hand, when succinate is used as substrate,
it is converted to fumarate by succinate dehydrogenase and
produces electrons which enter the electron transport chain
directly through FADH0. Fumarate can be further metabolized
to malate, then to oxaloacetate with further generation of
NADH. Thus, succinate oxidation involves part of the tricarboxylic
acid cycle enzymes, and the electrons so generated are channelled
into electron transport chain both at FADH and at NADH.
Studies on some of the tricarboxylic acid cycle enzymes
indicated that malate dehydrogenase (malate to oxaloacetate)
and citrate synthase (condensation of oxaloacetate and acetyl-CoA
to citrate) have been shown to be inhibited only by high
gossypol concentration (see chapter four). The effect of gossypol
on pyruvate dehydrogenase activity was not examined. Thus, in
the reaction with pyruvate and malate as substrates, the first
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part of the metabolism (up to citrate formation) is relatively
gossypol insensitive. However, further 'oxidation is strongly
inhibited because the next enzyme, aconitase (citrate to
isocitrate), is quite sensitive to gossypol inhibition (see
chapter four). The inhibition pattern shown in Figure 3-1-A
thus represents a combination of many individual interactions.
An increase of respiration up to 3.2x10-5M gossypol concentrat-
ion may be a result of respiratory enhancement at the low
concentration region with predominantly an uncoupling effect
due to gossypol. At high concentration, namely higher than
3.2x10-5M, an inhibitory effect on various enzymatic reactions
may have overrided the respiratory enhancement, giving a gradual
decrease in respiration.. When the concentration of gossypol
is very high, greater than 1.8x10-4M, more enzymes such as
malate dehydrogenase and citrate synthase are inhibited and
the extent of respiratory inhibition is more severe, thus
leading to a faster reduction in respiratory rate.
With succinate as substrate, the first step of its
oxidation (succinate to fumarate) is relatively.gossypol
insensitive because succinate dehydrogenase, which catalyzes
this reaction, has been shown to be inhibited only by high
gossypol concentration (see chapter four). However, further
reaction is strongly inhibited because the next enzyme, fumarate
(fumarate to malate), as in the case of aconitase, is very
sensitive to gossypol inhibition (see chapter four). The
57
inhibition pattern shown in Figure 3-1-B thus also represents
a combination of many individual interactions. An. increase of
respiration up to 10-5M, even in smaller magnitude than that in
pyruvate and :palate as substrates, may also be due to the
uncoupling effect of gossypol. Over 10-5M gossypol, some reactions
may be inhibited and the respiratory enhancement is overrided,
giving a gradual decrease in respiration.
As both substrates tested pass through different metabolic
pathways in which electrons are channelled into the electron
transport chain of hypotonically-treated spermatozoa mito-
chondria at different sites, a difference in the gossypol
sensitivity of these two pathways will be reflected, by a difference
in the gossypol effect on the respiratory results. It is possible
that the channel of electron from NADH through complex I is
less gossypol sensitive, while that from succinate through
complex II is more gossypol sensitive.
A study of the gossypol effect on the electron transport
chain will provide more information about the site of sensitive
inhibition.
Although it has been reported that cytochrome oxidase from
sweet potato is inhibited by gossypol, yet the concentration
used (up to 10-3M) is higher than that in our study in which
even an apparent stimulation (230% at 10-4M) is observed.
Similar stimulation at certain gossypol concentrations on
cytochrome oxidase activity was also reported (Myers and
Throneberry, 1966). This observation at least indicates that
this cytochrome C to molecular oxygen segment (cytochrome
oxidase) is either gossypol insensitive or the effect is
superfa cial.
The NADH to cytochrome C segment, like cytochrome C to
molecular oxygen segment, is also relatively inert to gossypol
inhibition, with somehow a slight stimulation at lower concentrat-
ion (130% at 3.2x10 M). This observation strongly supports
our previous discussion that the oxidation of NADH (generated
from the oxidation of pyruvate and malate) through the electron
transport chain in spermatozoa is less affected by gossypol.
This is essentially similar to that in the previous report
(Myers and Throneberry, 1966).
The succinate to cytochrome C segment is highly gossypol
sensitive. Results from both the respiratory rate and
the electron transport chain segment activity show gossypol
inhibition at as low as 1.8x10 M gossypol.
As the oxidation of NADH goes through the following
steps: NADH—- complex I—=- CoQ— complex III— cytochrome C
complex IV— 0, and the oxidation of succinate goes
through the similar steps: succinate— complex II—=- CoQ
— complex III— cytochrome C—= complex IV —0, these
two oxidations essentially share many common pathways with
the exception of NADH —complex I— CoQ and succinate—
complex II —CoQ. Since the gossypol sensitivity at each
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individual step has not been tested, the observed different
gossypol sensitivities with different substrates may be due
to any one of the following possibilities: a) complex I and
complex III are both inert while complex II is inhibited by
gossypol b) complex II is inert while complex I is stimulated
and complex III is inhibited by gossypol c) complex I is
stimulated while complex II and complex III are both inhibited
by gossypol. The data presented in this chapter provide no
further evidence supporting one of these factors against the
other.
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CHAPTER FOUR EFFECTS OF GOSSYPOL
ON SPERMATOZOA VARIOUS ENZYME ACTIVITIES
INTRODUCTION
Gossypol has been shown to interfere with normal function
of the spermatozoa mitochondrial electron transport chain.
As energy can be produced from the oxidation of a wide range
of exogenous substrates such as glucose, fructose and mannose
(Harrison, 1977), an effect of gossypol on any one single
spermatozoal enzyme in the glycolytic pathway involved in the
metabolism of these sugar substrates will lead to an influence
in the energy metabolism and result in an adverse effect on
spermatozoa) physiology. To examine whether the glycolytic
pathway is functioning properly in the presence of gossypol,
D-glucose was used as substrate in our experiment in which
the lactate production was followed as an index of the whole
glycolytic activity in spermatozoa. In order to eliminate the
complication due to aerobic oxidation of pyruvate, potassium
cyanide was added. Furthermore, in the absence of cyanide,
the lactate production with glucose as glycolytic substrate
will then indicate an equilibrium between the aerobic and the
anaerobic metabolism of sugars (Storey and Kayne, 1975).
Of all glycolytic enzymes, hexokinase, a regulatory
enzyme working in an irreversible manner under physiological
conditions, has been examined. because of its key role in
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glycolysis (the first step in glycolysis).
The final step in anaerobic glycolysis is the reduction
of pyruvate to lactate with a regeneration of NAD catalyzed
by lactate dehydrogenase (LDH). In this manner, NADH can be
reoxidized under anaerobic condition, thus making this reaction
an important step in anaerobic condition. In addition, lactate
dehydrogenase also plays an important role in the aerobic
oxidation of lactate to pyruvate which is then channelled to
the tricarboxvlic acid cycle.
Except the five common lactate dehydrogenase isozymes,
a special lactate dehydrogenase isozyme, designed as LDH-X,
was discovered (Blanco and Zinkham, 1963; Goldberg, 1963),
and found to be obtained only in testes and spermatozoa, with
first appearance in the primary spermatocytes (Zinkham et ae.,
1964; Goldbery and Hawtrey, 1967; Sarkar, 1978). It is located
in the spermato.zoal mitochondria, has a wide substrate specificity
and has molecular properties uniquely differed from the five
typical LDH isozymes (Clausen and Ovlisen, 1965; Goldbery, 1965;
Wilkinson and Withycombe, 1965 Resseer, 1967; Zinkham, 1968;
Clausen, 1969 Schatz and. Segal, 1969; Battellino and Blanco,
1970a; Domenech et ae., 1970; Koeb, 1970; Wong et ae.. 1971;
Baccetti et ae., 1975; Blanco et ae., 1076). This LDH-X has
been suggested to have played a role in the mitochondrial
shuttle system (Blanco et ae., 1976; Milkowski and Lardy, 1977;
Story and Kayne, 1977; Calvin and Tubbs, 1978). Because of
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its unique position only in male gonads and gametes, it is
suspected to be the site of gossypol action in the anti-
spermicidal process.
Besides the glycolytic enzymes, which are directly involved
in controlling the availability of substrate to tricarboxylic
acid cycle, other biochemical reactions which also control
the substrate availability to tricarboxylic acid cycle might
be influenced by gossypol, and thus should also be opened
to investigation. L-carnitine, which is essential for the
transport of fatty acids into the mitochondria, has been
suggested to be involved in the metabolism of branched-chain
amino acids (Bieber and Choi, 1977). It is present at high
level in the excurrent duct system of the male animals (Marquis
and Fritz, 1965 Casillas, 1972 Brooks et ag., 1974), and
is stored in exceedingly high quantity in spermatozoa (Casillas,
1973 Hutson e at., 1977 B¢hmer and Johansen, 1978 Brooks,
1979). In spermatozoa, the acetylation of carnitine is markedly
influenced by the nature of the exogenous substrates (Casillas
and Erickson, 1975 Milkowski .ei ae., 1 976 VanDop. et ae.,
1977). In the presence of substrates such as fructose, lactate
and acetate that yield acetyl moieties, a very large proportion
of the carnitine pool becomes acetylated. The acetyl groups
in this pool can be subsequently oxidized in normal way
through tricarboxylic acid cycle. Since spermatozoa encounter
many substrates of this type, it is apparent that the cell
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has an ability to store a large quantity of the acetyl moieties
in the form of acetylcarnitine for future use (in the female
reproductive tract). The enzyme, carnitine acetyltransferase
which catalyzes the formation and utilization of acetylcarnitine
and the ester of other short-chain fatty acids, is highly
active in spermatozoa (Marquis and Fritz, 1965 Bhmer and
Johansen, 1978). Gossypol may inhibit this enzyme, leading
to a shortage of metabolizable substrate and thus a reduction
in respiration and energy production. This possibility was
also investigated by us.
The tricarboxylic acid cycle is the central metabolic
pathway. Needless to say, the tricarboxylic acid cycle enzymes,
which are so important to the intermediary metabolism, were
individually noted of the gossypol inhibition profile wherever
available.
At an exposure to low level of gossypol neither the.
morphology nor the vitality of the mature spermatozoa is affected.
However, there seems no question of the possibility that a
certain level of gossypol has already been incorporated into
the spermatozoa. These spermatozoa may appear everything to
be normal except they carry a low amount of gossypol. This
low amount of gossypol, even harmless to spermatozoal metabolism,
may influence other important function of spermatozoa. The
most important function of spermatozoa is to fertilize eggs.
This function can be accomplished by the activity of a trypsin-
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like proteolytic enzyme-acrosin. Acrosin is associated
exclusively with the heads of spermatozoa, and located within
the acrosome, bound to the inner acrosomal membrane. During
fertilization, the released acrosin in the acrosome reaction
causes a local hydrolysis of the zona pellucida glycoprotein
of the egg, enabling the penetration of the spermatozoon through.
this structure to fertilize the egg (Fritz et at., 1975
Soupart, 1976 Hartree, 1977 Morton, 1977 Stambaugh, 1978).
Acrosin is derived from its precursor zymogen -proacrosin
(Schleuning and Fritz, 1974 Huang-Yang and Meizel, 1975
Meizel and Muker j i, 1975 1976). In hamster and rabbit
spermatozoa, 85%-95% of acrosin is present as proacrosin (Morton,
1977). Even a higher percentage (more than 95%) as proacrosin
has been reported in bull, boar, ram and human spermatozoa
(Polakoski and Parrish, 1977). Proacrosin is activated only
by proteolytic cleavage, either by the activity of trypsin or
acrosin (Green, 1978). Either the small amount of active
acrosin present in spermatozoa serves for its autoactivation
or the zymogen itself possesses some limited proteolytic
activity (Morton, 1977). The activation process was thought
to take place during the capacitation when the spermatozoa
move up the female reproductive tract (Meizel and Mukerji, 1975).
Alternatively, the zymogen was suggested to be activated in
the acrosome reaction (Green, 1978). For in vL.t2o activation
of proacrosin, the acrosome has to be ruptured (Brown and
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Harrison, 1978). As anitfertility effect might be achieved if
gossypol inhibits the acrosin activity, thus renders the
spermatozoa non-functional, it is worthwhile to investigate
the effect of gossypol on both the spermatozoal acrosin and
the activation of proacrosin.
MATERIALS AND METHODS
Boar semen was obtained from the Agriculture and Fisheries
Department.
All chemical reagents used in the experiments were of
analytical grade.
The following reagents were purchased from Sigma Chemical
Co., (U.S.A.): L-carnitine phosphoenolpyruvate (PEP) -keto-
valerate (sodium salt) NAD NADH NADP ADP ATP GTP CoA
acetyl-CoA thiamin pyrophosphate (TPP) phenazine methosulphate
(PMS) dichlorophenol-indophenol (DCIP) p-toluenesulfonyl-
arginine methyl ester (TAME) 5,5'dithiobis-(2-nitrobenzoic acid)
(DTNB) lactate dehydrogenase (rabbit muscle) glucose 6-phosphate
dehydrogenase (Bakers Yeast) pyruvate kinase-lactate dehydrogenase
mixed enzymes (PK-LDH) (rabbit muscle) N-hydrooxyethylpiper-
azine-2-ethane-sulfate (HEPES) 2(N-morpholino)ethane sulfonic
acid (MES) rotenone p-aminobenzamidine (pAB) gossypol-acetic
acid.
The following reagents were purchased from Merck Chemicals
Co., (Germany): oxaloacetic acid G.-ketoglutaric acid DL-malic
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acid sodium succinate sodium pruvate.
The following reagents were purchased from BDH Chemicals
Ltd., (England): trisodium citrate citric acid D-glucose.
irisodium isocitrate was purchased from Serva Feinbiochemica,
(Germany).
The glycolysis of intact boar spermatozoa was studied by
the determination of lactate production (Ford et at., 1979).
The lactate content was determined by the method of Gutmann
(Gutmann and Wahlefeld, 1974). Semen was washed thrice with
Krebs-Ringer phosphate solution, pH7.4. It is in the following
composition: NaCl 120mM KC1 5mM CaCl 2 0.5mM MgSO4 I MM
KH2PO4 1mM Na2HPO4 16mM, and adjusted to pH7.4 by hydrochloric
acid. The washing process was carried out at 15°C-20°C by
centrifugation. The washed spermatozoa were suspended in
Krebs-Ringer phosphate solution to give cell density at about
400x1 06- 500x1 O6sperms/ml and kept at 1 5°C until use. In the
assay, 0.5m1 spermatozoa) suspension was preincubated at 25°C
for 15 minutes, then D-glucose, gossypol, and potassium cyanide
(when the assay required) were added to give final. concentrations
of 2 mg/ml glucose, 1mM potassium cyanide (when present), and
various concentrations of gossypol. The final volume of this
spermatozoa suspension was 1ml. Incubation was stopped after
30 minutes by addition of 0.5ml, 2M HC104 (ice-cold). Super-
natant obtained after the centrifugational removal of protein
precipitate was neutralized with 5M potassium carbonate to
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pH about 4-6. After potassium perchlorate was precipitated
at 0°C, the supernatant was stored in ice-bath until lactate
determination. Lactate was determined in the pH9.0 hydrazine-
glycine buffer containing 2.7mM NAD and proper amount of the
sample. Lactate dehydrogenase (rabbit muscle) was added to
the solution to give the enzyme activity about 50 units/ml.
The mixture was incubation at 25°C for 60 minutes to complete
the reaction. The change of absorbance at 340nm was monitorred
by the Cary 210 spectrophotometer (Varian Associates, Inc./
Palo Alto, Californa, U.S.A.).
Various metabolic enzyme activities (including tricarboxylic
acid cycle enzymes) were studied in the sonicating preparation
of spermatozoa. The washing, sonicating and centrifugational
fractionating procedures were exactly the same as that in the
electron transport chain segments studies (chapter three). The
washing and sonicating media were different in different enzyme
assay. The enzyme activities were followed for the change of
absorbance by the Cary 210 spectrophotometer. The initial
linear change of absorbance was used for the calculation of
initial reaction rate for each enzyme activity. All enzyme
assays were carried out at 250C. The experimental conditions
for each enzyme assay are tabulated in Table 4-1.
The studies of fully activated acrosin and proacrosin
activation were based on the methods in the previous studies
(Parrish and Polakoski, 1977 Brown and Harrison, 1978 Parrish
Table 1-1 Experimental conditions for various metabolic enzyme assay
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e.t at., 1 979). The detail procedure for the slightly modified
preparation of fully activated acrosin is shown in Figure 1-1.
For acrosin activity assay, the assay medium was composed of
50mM CaCl2; 1mM TAME; in Tris-Cl buffer, pH8.0, to which
various concentrations of gossypol were added. The reaction was
initiated by addition of enzyme solution. The increased absorb-
ance at 217nm was recorded. The enzyme activity was calculated
from the initial linear change in absorbance (Walsh, 1970; Rick,
1971; Parrish e.t at.', 1 979).
Proacrosin activation was studied in similar fashion. To
prevent the unexpected activation of proacrosin during the
centrifugation procedures, particularly at the last centrifugat-
ion through the pAB-free medium, all media employed 5mM citrate
buffer, pH3.0 (pKa of citric acid is 3.06) in place of 5mM
MES buffer (Polakoski and Zaneveld, 1976; Polakoski and Parrish,
1977). After the final centrifugation step, the head pellets
were rapidly resuspended in 0°C 0.2M sucrose- 5mM citrate, pH3.0,
medium. The activation of proacrosin was initiated by the
addition of this acidic head suspension to 0°C Tris-Cl buffer,
containing various concentration of gossypol. The final pH
was 8.0, and kept in an ice-bath. At different time intervals,
aliquots of the suspension were removed and acidified with
0.5M hydrochloric acid to about pH3.0, and kept in an ice-bath
for four hours. The reaction mixtures were then centrifuged
at 0°C- 1°C, 12,000g for 1$ minutes and the supernatant was
Figure 1-1 Protocol for the oreoaration
of fullv activated acrosin
Boar semen (15°C).
Centrifuge! at 600g for 5 mintues




1ml concentrated semen on top of
30ml a medium (15°C) composed of
0.261M sucrose; 0.1mM pAB and
5mM MES (pH6.5 by KOH).
Centrifuged at 600g for 5 minutes,
then at 1,1OOg for 10 minutes.
Supernatant,
dis carded.Sperm pellets.
Resuspended in 15ml sucrose-pAB-MES
medium mentioned above.
Sonicated in an ice-bath, at 75W
for total 2 minutes (30 seconds
bursts with 30 seconds cooling
intervals) with a needle probe
by the Sonicator Cell Disruptor






1 5ml sonicating preparation on top
of 5ml a medium composed of 0.5M
sucrose; 0.1mM pAB and MF1S
(pH6.0 by KOH).
Centrifuged at 600g, 0oC-l°C
for 20 minutes.
Supernatant,
dis carded.Sperm head pellets.
Resuspended in 1ml a medium composed
of 0.2M sucrose and 0.1mM pAB.
1ml suspension on top of 1 5ml a
medium composed of 0.5M sucrose
and 5mM MES (pH6.0 by KOH).
Centri.fuged at 7 5 0 g, 00C- 10C
for 20 minutes.
Supernatant,
dis carded.Sperm head pellets
RAPIDLY resuspended in Tris-Cl
buffer (0.1M, pH8.0) at 0°C ice-bath.
Kept in ice-bath for 30 minutes





Acidified to about pH3.0 with
0.5M HC1.
Kept in ice-bath for f4 hours.




Stored in ice-bath for enzyme assay.
stored in an ice-bath for acrosin activity assay (see above).
RESULTS
A. Effect on the lactate production of spermatozoa:
Lactate production with and without cyanide will give
the measure of the activity in the whole glycolytic path¬
way from glucose to lactate and of an indication for the
effectness of the aerobic and the anaerobic metabolism.
Figure- 2-A shows the effect of gossypol on lactate product¬
ion in the presence of cyanide. Its lactate production was
higher than that without cyanide (67.813.2 nmole lactate
hour1 0sperms compared to 10.6l3.3 nmole lactatehour1Oosperms).
This is consi stent with the report on the aerobic character¬
istic of boar spermatozoa (Mann, 1969). A biphasic dose
response pattern is observed in the gossypol effect on the
anaerobic glycolytic pathway (vith stimulation at low gossypol
concentrations and inhibition at high ones). Maximum stimulat-
ion is observed at 3.2x10 'M, giving 120 nmole la etatehour
10 sperms which is almost twice the rate of the control.
Lactate production in the absence of cyanide is also
affected by gossypol biphasically (Figure 4--2-B). There are,
however, some differences. Firstly, there is no significant
increase in lactate production up to 10 M. Secondly, the
concentration at which maximum stimulation takes place is
5.6x10~M. And lastly, the responses at gossypol concentrations
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Figure 4-2
Effect of oss of on the 1 actate roduction of spermatozoa
Intact and thrice washed spermazoa were employed .All
studies were carried out at 25 0C'.
In panel A, lactate production was studied in the presence of
1mM cyanide. A control without cyanide gave a lactate production
rate of 10.6+3.3 nmole lactate/hr/10 8sperms
In panel B, lactate production was studied in the absence of
cyanide.













both lower and higher than the maximum are steeper. It is
obvious, in both cases (with and without cyanide), gossypol
produces a reproducible stimulating effect at low concentrat¬
ion range.
In intact spermatozoa, the respiration profile was
affected by gossypol biphasically (see chapter two). As
gossypol is reputed for its uncoupling activity, the
stimulation in respiration, which involves the participation
of the oxidative phosphorylation coupled electron transport
chain, might be mainly due to the gossypol uncoupling
nature. However, in this study of lactate production,
especially the one in the presence of cyanide in which
the electron transport chain has been blocked, a stimulation
of the reaction at low gossypol concentration should not
be viewed as due to a result of uncoupling.
B. Effect on the hexokinase activity of spermatozoa:
Hexokinase is the first enzyme in glycolysis, and it
was assayed by coupling with supplemented glucose 6-phosphate
dehydrogenase. As gossypol may inhibit many enzyme activities
at high concentration, the glucose 6-phosphate dehydrogenase
was added in very large excess amount to prevent any gossypol
influence on this couple enzyme efficiency.
Figure 4-3 shows the effect of gossypol on the hexokinase
activity. Up to 5.6x10-5M, hexokinase is rather insensitive
to gossypol. A steep inhibitory effect is observed at above
Figure 4-5
F.ffpot of fossvdo 1 on soermatozoal hexokinase activity
Spermatozoa were washed and sonicated, and the 10,000g super
natant was employed for assay. The enzyme activity remained
constant thoroughout the experimental period (2-4 hours).
The enzyme assay was carried out at 25°C. 100% activity is
equal to 56.3 nmole glucose phosphorylatedmin10 sperms.
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10-4M, and gives a 50? inhibition at 1.3x10-4M. At 1.8x10-4M,
only 10% of the activity remain,
Since hexokinase is a key step enzyme in glycolysis,
this inhibitory effect will imply that the whole glycolytic
pathway is also sensitive to high concentration of gossypol.
C. Effect on the lactate dehydrogenase activities of spermatozoa:
Lactate dehydrogenase is the terminal enzyme in
anaerobic glycolysis. It catalyzes the reduction of pyruvate
to lactate, regenerating NAD. The X-isozyme of lactate
dehydrogenase (LDH-X) is present only in spermatozoa and
testes of many species. It is a unique LDH isozyme that
can use L-ketovalerate or L-hydroxyvalerate as substrate
while other LDH isozymes cannot (Stambaugh and Buckley, 1967;
Battellino and Blanco, 1970b; Hawtrey and Goldberg, 1970).
Because of this substrate specificity, LDH-X can be assayed
with L-ketovalerate as substrate in the presence of other
LDH isozymes (Goldberg, 1975).
Figure 4-4-A shows the effect of gossypol on total
LDH activity, and Figure X-X-B shows that on LDH-X activity
alone. Total LDH activity is relatively insensitive to
gossypol. Inhibition is observed only at the concentrations
over 1.8x10-4M, with about 65% of the activity remained at
3.2x10-4M. Unlike total LDH activity, the LDH-X activity
is relatively sensitive to gossypol. Inhibition begins at
3.2x10-5M. Half inhibition concentration is found at
Figure 4--4-
Effect of gossypol on spermatozoa! lactate dehydrogenase
activities
The enzyme assay was carried out at 25°C. No loss of enzyme
activities were observed in the experimental period (2-4- hours)
In panel A, total LDH activity was studied and 1mM pyruvate
was used as substrate. 100% activity is equal to 82.2 nmole
NADH oxidizedmin10 sperms.
In panel B, LDH-X activity was studied and 1 OmM 0(-ketovalerate
was used as substrate instead of 1mM pyruvate. 100% activity
is equal to 2.9.1 nmole NADH oxidi zedrnln10 sperms.
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1 .3x10. At 3.2x10 only about 30% of the activity are
remained. Also, unlike total LDH activity, no slight
stimulation is observed. As total LDH activity measured
is a resultant activity, it may be in fact that the LDH
isozymes other than LDH-X can be even more stimulated
(proportionally) at low gossypol concentration. This is a
new finding about the nature of the LDH isozymes.
D. Effect on the carnitine acetyltransferase activity of
spermatozoa:
Figure 4--$ shows the effect of gossypol on the carnitine
acetyltransferase activity. This enzyme activity is one of
the rare cases we studied .which is relatively inert to
gossypol. Almost no apparent inhibition is observed over
the concentration range studied.
E. Effect on the tricarboxylic acid cycle enzyme activities of
spermatozoa:
The tricarboxylie acid cycle contains eight mitochondrial
enzymes: four oxidation-reduction enzymes (three NAD linked
and one FAD linked); two hydratases; one condensing enzyme;
and one high-energy-phosphate-bond forming enzyme. One of
these enzymes,succinyl-CoA synthetase, was assayed by
coupling with supplemented pyruvate kinase and lactate
dehydrogenase. As the same reason mentioned in the hexokinase
assay, these coupling enzymes were added in very large excess
Figure 2-f
Effect of gossypol on spermatozoal carnitine acetyltransferase
activity
The assay was carried out at 25°C. No loss of enzyme activity
was observed in the experimental period (2-1 hours). 100?
activity is equal to 22.2 nmole CoA formedmin10 sperms.
CONCENTRATION OF GOSSYPOL (M)
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amount.
Figure 4-6 shows the diverse effects of gossypol on
these tricarboxylic acid cycle enzyme activities, and some
characteristic data that gossypol exhibited are listed in
Table 4-2. The most gossypol sensitive enzymes are aconitase
and fumarase, both being hydratases. The least sensitive
enzymes are -ketoglutarate dehydrogenase, citrate synthase
and su.ccinate dehydrogenase. A slow but gradual inhibitory
effect is observed in NAD-isocitrate dehydrogenase and in
succinyl-CoA synthetase. At high gossypol concentration,
all tricarboxylic acid-cycle enzyme activities tested show
various degree of inhibition. It might be expected that the
physiological disturbance exhibited by intact spermatozoa
at high gossypol concentration is a resultant of all these
inhibitory effects.
F. Effect on the acrosin activity and on the activation of
proacrosin of spermatozoa:
1. Acrosin activity:-
The activity of acrosin has been assayed by TAME,
one of the several artificial substrates recommended
(Walsh, 1970 Polakoski and McRorie, 1973 Rick, 1974
Schleuning and Fritz, 1976). TAME has advantage of not-
being hydrolyzed by chymotrypsin (Walsh, 1970).
Acrosin was found to be inhibited by very low
concentration of gossypol (Figure 4-7: 3.2x10-6M, giving
Figure 4--6
Effect of gossypol on tricarboxylic acid cycle enzyme activities
of spermatozoa
All enzyme assays were carried out at 25°C. All enzyme activitie
were found to be stable in the experimental period (2-1 hours)
except aconitase which showed a fast drop in activity in this
period. For the calculation of control value at each gossypol
concentration assay, a calibration curve for the aconitase
activity decrease was constructed and used for the calculation
of 100% activity at each time (data not shown).
In panel A, citrate synthase activity was studied. 100% activity
is equal to 320 nmole CoA formedmin10 sperms.
In panel B, aconitase activity was studied. 100% activity is
equal to 2.96 nmole aconitase formedmin1 0sperms (initial).
In panel C, NAD-isocitrate dehydrogenase activity was studied.
100% activity is equal to 3-02 ninole NAD reducedmin1 0 sperms.
In panel D, 0(-ketoglutarate dehydrogenase activity was studied
100% activity is equal to 1 .34- nmo.le NAD reducedmin1 0 sperms.
In panel E, succrinyl-CoA synthetase activity was studied. 100%
activity is equal to 3.02 nmole GDP formedmin10 sperms.
In panel F, succinate dehydrogenase activity was 'studied. 100%
activity is equal to 33.4. nmole DCIP reducedmin10 sperms.
In panel G, fumarase activity was studied. 100% activity is
equal to 2.19x10 unit10 sperms, where 1 unit is defined
as Z0.D.I0sec x 103
In panel H, NAD-malate dehydrogenase activity was studied.
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Table 1-2 Effect of gossypol on tricarboxylic acid, cycle enzyme activities
Enzyme
Gossypol effective concentration (M)
Maximum
stimulation
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Effect of gossypol on spermatozoal acrosin activity
Spermatozoa) heads were prepared and proacrosin was fully
activated at 0°C for 30 minutes. The enzyme assay was carried
out at 25°C. TAME was employed as an artificial substrate for
acrosin. 100% activity is equal to 7.71 pmole TAME hydrolyzed/
min/10 8 sperms.
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102
80% activity). The half inhibition concentration is
1.3x10-5M. A gradual decrease in activity over the
1-1 -4
concentration range studied is observed. And at 1.8x1O M,
the enzyme activity is completely abolished.
2. Activation of proacrosin:-
Proacrosin, the zyrnogen of acrosin, can be activated
by autoactivation at alkaline pH upon the removal of
proteinase inhibitors (Polakoski and Zaneveld, 1976
Parrish and Polakoski, 1977 Polakoski and Parrish, 1977
Brown and Harrison, 1978).
It was found that, after HCl treatment and removal
of spermatozoal heads by centrifugation (see Materials
and Methods), the acrosin containing supernatant was
completely colorless, indicating that gossypol added
in the study of proacrosin activation effect has been
mostly removed to a concentration lower than 3.2x10 6M
(3.2x10- 6 M gossypol solution shows a yellowish color
and that gossypol is highly insoluble in acidic solution).
Since acrosin activity is not inhibited by lower than
3.2x10^6M gossypol, the subsequent step in acrosin
activity assay would not be interferred by the gossypol
remained in the enzyme containing solution.
Figure 4-8 shows the time courses of proacrosin
activation at various gossypol concentrations. The time
for half proacrosin activation (T1 2 act.) in the-absence
101
Figure 4-8
Effect of gossypol on spermatozoal proacrosin activation
Spermatozoal heads were prepared for the proacrosin activation
study. process The activation pwas carried out at 0°C. Percentage
of proacrosin activation was calculated from the determination
of acrosin activity in the heads suspension, with TAME as
an artificial substrate for acrosin. The time curves at various
gossypol concentrations were plotted.
0 M gossypol
3.2x10 -6M gossypol
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of gossypol, is 4 minutes. Up to 3.2x10r6M, gossypol
neither affects proacrosin activation time nor the
percentage of proacrosin activated. Both at 10-5M and
3.2x10-5M gossypol, even though the percentage of
proacrosin activated is not affected, the T1 2 act is
delayed to 5 minutes and 8.5 minutes correspondingly.
At 10-4M, the percentage of proacrosin activated is
reduced to 50%, and at 3.2x10-4M, less than 10% proacrosin
is activated even after a very long incubation time (up
to 80 minutes, data not shown).
Acrosin, which is required for fertilization, is
affected by gossypol. Its activation from the zymogen pro-
acrosin, is also affected, though to a less extent. The
significance of this finding is that, a residue of gossypol
trapped in spermatozoa, even at such a low concentration
that other metabolic processes are unaffected, will still
leave a time-bomb to the spermatozoa as they have already
had a hindered damage in the fertilization function.
DISCUSSION.
Nearly all enzymes studied are affected by gossypol. The
interaction in some cases leads to a slight stimulation at
low gossypol concentrations, and in most cases to a reduction
in activity at high concentrations. Gossypol has been reported
to react with the E.-amino groups of lysine residues in'proteins,
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presumably through a condensation with the aldehyde groups
(see chapter one). It is probable that this non-specific
interaction gives rise to some active site modifications
of enzymes (if the lysine residue is involved in the catalytic
reaction) or to some conformational changes (if the the lysine
residue is important for maintaining the structure of enzymes),
which result in a change in functional activity. These changes
at high gossypol concentration most likely inactivate the
enzyme, and the degree of inactivation depends on the degree
of importance of the lysine residues being derivatised.
The general inhibition pattern of gossypol on anaerobic
glycolysis is similar to that on respiration (chapter two),
both being biphasic. On the other hand, a stimulation in the
anaerobic glycolysis will not have stemmed from an uncoupling
effect. Conformational change as discussed in the former
paragraph may be a contributing factor. However, since the
anaerobic glycolysis assayed in. this experiment represents
a summation of the biochemical events involving eleven enzymes
(from glucose to lactate), even though hexokinase and lactate
dehydrogenase have been studied separately, the gossypol inter-
action story is rather complicated. Since the aim of this
study is to locate the most gossypol sensitive site on the
biochemical level, in spite of the possibility that individual
sensitive enzyme activity may be covered by the whole pathway,
in view of the low probability of a cover-up and the response
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occurring only at high gossypol concentration, further detailed
study of individual enzyme inhibition is omitted.
The presence of cyanide converts the boar spermatozoa
glucose metabolism mainly to the anaerobic glycolytic pathway.
The lactate production under this condition was increased
to about six fold (67.8±3.2 nrnole lactate/hour/10 8sperms).
Nevertheless, this absolute value of lactate production is
still low among that produced in other species spermatozoa
(even without cyanide treatment where the anaerobic glycolytic
pathway is not at its full operation). The values are 160
and 360 nmole lactate/hour/108sperms for the spermatozoa from
rhesus monkeys and human respectively (Ford et al., 1979).
This difference, if not due to a difference in the assay
conditions, may reflect a unique nature of boar spermatozoa,
in which the anaerobic glycolysis does not operate at its
highest efficiency (Mann, 1969). The possibility of this
species variation is worthy of further investigation.
Lactate production in the absence of cyanide is also a
biphasic pattern responsed to gossypol. The gossypol effects
in both hexokinase and lactate dehydrogenase (total) cannot
account for a stimulating effect of gossypol on the anaerobic
glycolysis. Whether the stimulation at low gossypol concentrat-
ion is due to a switch of metabolic pathway (to a higher ratio
of anaerobic glycolysis as that shown in the presence of
cyanide) is unclear. If such a switch has actually taken place
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at low gossypol concentration, then its significance in the
maturation of spermatozoa should be worthy of investigation
J
since aerobic condition and aerobic metabolism of many
substrates have been reported in. the epididymis (Hamilton, 1977).
Although LDH-X, the enzyme specific to male gonads, is
only mildly more sensitive to gossypol than that of other
LDH isozymes, this gossypol effect may be of great significance
in spermatogenesis and spermatozoal maturation since LDH-X
plays an important role in the pyruvate-lactate shuttle system
of spermatozoal mitochondria (Milkowski and Lardy, 1977
Storey and Kayne, 1977 Calvin and Tubbs, 1978). Lactate in
cytosol is transported into mitochondria where it is oxidized
to pyruvate, generating NADH by rnitochondr•ial LDH-X. This
enzyme, being unique in male gamete cells, a different
gossypol sensitivity pattern in chronically fed gossypol
animal might score an accumulative toxic effect in the develop-
ment of normal functional spermatozoa. However, for acute
effect, this enzyme is not the most vulnerable one to gossypol
intoxication.
Another important enzyme for spermatozoal metabolism,
carnitine acetyltransferase, is surprisingly inert to gossypol.
The result indicates that the carnitine system in spermatozoa
is relatively safe from gossypol interaction.
Most tricarboxylic acid cycle enzymes are sensitive to
gossypol inhibition at high concentration. The two hydratases,
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namely aconitase and fumarase, are the most susceptible ones.
Inhibition on the aconitase level blocks the acetyl group
metabolism. Similarly, an inhibition on the fumarase level
blocks the conversion of various tricarboxylic acid cycle
intermediates to malate, resulting eventually to a lower
oxaloacetate content. This oxaloacetate shortage will further
reduce acetyl group metabolism. In brief, all inhibitions
on the tricarboxylic acid cycle enzymes lead to a decline
in electron supply to the electron transport chain, which
in turn reduces the ATP production.
Succinyl-CoA synthetase, which catalyzes the substrate
level phosphorylation in tricarboxylic acid cycle, is inhibited
by gossypol. Though to a less extent, its inhibitory effect
might also lead to an ATP supply deprivation in a developing
cell which requires a considerable energy supply. This
substrate level phosphorylation associated with succinyl-CoA
synthetase is important for ATP production in some circumstances
(Dop et at., 1977).
Acrosin, a proteolytic enzyme needed for fertilization,
is highly susceptible to gossypol inhibition, with 50% inhibit-
ion at as low as 1 .3x10-5M gossypol. Many attempts to screen
for effective natural and synthetic acrosin inhibitors to
prevent both in vivo and in vit/zo fertilization have been
reported (Stambaugh et at., 1 969 Zaneveid et ae., 1 970
1971 McRorie and Williams, 1974). And now, the inhibitory
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feature of gossypol on acrosin extends its dimension to the
possible application as a contraceptive by means of fertilizat-
ion blockage.
On the other hand, proacrosin activation is less susceptible
to gossypol. The delay of activation time (T1 2 act) indicates
the activation processes, which probably involve proteolytic
activity and calcium ion in the acrosome (Green, 1978), are
affected by gossypol. The reduction of percentage of proacrosin
activated indicates the proacrosin itself, or the acrosin after
activation, is affected by gossypol.
It will be of great interest to see whether the activation
inhibition is X or Y chromosome dependent. If at a defined
gossypol concentration, spermatozoa containing different types
of sex chromosomes show a differential activation kinetics,
then a selective means of controlling birth of a desired sex
can be achieved. Again, this requires further investigation.
Contrary to our observation, many previous studies have
shown that the proacrosin activation is more vulnerable to
chemical interaction. In boar and human spermatozoa, polyamines
inhibit proacrosin activation but show no adverse effect on
acrosin activity (Parrish and Polakoski 1977 Parrish e-L ae.,
1979). Similarly, in a typical proteolytic enzyme, pepsin,
only its zymogen .(pepsinogen) is gossypol sensitive (Tanksley
et al., 1970). This discrepancy either reveals an uncommon
nature of the proacrosin-acrosin system or a difference between
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an isolated zymogen (used in the previous studies) and a
membrane-attached zymogen (acrosin activation was investigated
in 6L.tu in the presence of the spermatozoal heads). The
possibility is that the attached zymogen, proacrosin, being
closely resemble the natural functioning condition (Brown
and Harrison, 1978), may have a different inhibition pattern.
In conclusion, many enzymes are inhibited by gossypol at
high concentration. There is unfortunately not a single
enzyme which has shown an exceptional outstanding susceptibility
to gossypol. If such an enzyme exists in spermatozoa, it can
account for the uncontroversially selective antifertility
effect of gossypol.
CHAPTER FIVE EFFECTS OF GOSSYPOL
ON SPERMATOZOAL ENERGY METABOLISM
INTRODUCTION
As the immediated energy source in mammalian spermatozoa
seems to reside in the pool of adenine nucleotides, ATP, ADP
and AMP (Harrison, 1977) since no trace of non-nucleotide
high-energy storage compounds such as creatine phosphate
have been found (Brooks, 1971). ATP is formed by oxidative
phosphorylation and by glycolysis, and is utilized to produce
mechanical force for motility by the flagella as well as for
other physiological functions. It has been suggested that
the primary ATP supply comes from the midpiece and apparently
diffuses down the whole fiagellum for mechanical force convert-
ion (Newo and Rikmenspoel, 1970; Adam and Wei, 1975).
The ATP pool comes from either ADP phosphorylation at
the substrate level (phosphoglycerate kinase and pyruvate
kinase) or at the coupling reaction associated with the
electron transport chain. Any inhibition leading to a slow down
or a shut-off of these two processes will lead to a decrease
in the ATP supply. It has been shown in previous chapters
that many enzymes are affected by the presence of gossypol.
In the oxidative phosphorylation process, it is well regarded
that not only the activities of the enzyme systems in the
electron transport chain but also its tightness in coupling
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with the phosphorylation system will give rise to a variation
in the ATP production efficiency. The rate of ATP synthesis
by this oxidation linked phosphorylation can be altered by
many types of compounds. Of which an uncoupler is the one
which dissociates the electron transport chain from the
oxidative phosphorylation, so that respiration (electron
transport) may process at full speed (without rate-limited
by the charged phosphorylation acceptor) while phosphorylation
is relaxed. The effect of an uncoupler is usually depicted with
a respiration enhancement. Frequently, the uncoupler, being
.able to change cellular membranes readily, also produces
an adverse effect to respiration at higher concentration.
Different from the uncouplers, oligomycin is an inhibitor
of oxidative phosphorylation. Its presence prevents the ATP-
forming mechanism from utilizing the high-energy intermediate
or state generated by electron transport. As a consequence,
electron transport cannot continue unless the high-energy
intermediate or state is used up. The inhibitory action of
oligomycin on respiration is characteristically relieved
by uncouplers, which can promote the breakdown of the high-
energy intermediate or state generated by electron transport.
Thus, oligomycin can serve as an useful tool for documenting
a reagent for its potential uncoupling efficiency. A typical
experiment is to add the tested chemical to the oligomycin
blocked cell system. An uncoupler will relieve the oligomycin-
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inhibited respiration.
Gossypol was reported to function as an uncoupler in rat
liver mitochondria (Abou-Donia and Dieckert, 1974). Its biphasic
interaction with spermatozoal respiration is characteristic
(chapter two) and is in general, a feature of the classical
uncouplers. Its effectiveness in uncoupling the boar spermatozoal
respiration has been extensively studied in this chapter.
Another type of chemical such methylene blue can stimulate
respiration by serving as an extra-artificial electron acceptor.
It accepts electron from the electron transport chain and passes
it to the molecular oxygen, thus creates an alternative side-
way for electron transport. As a result, the respiratory rate
is stimulated. The possibility that, gossypol having a structure
similar to hydroquinone, may possess a redox potential which
enables it to function as an artificial electron acceptor,
is also explored by blocking the electron transport chain
with canide.
In spermatozoa, ATP is an immediate energy source for
various physiological functions. ATP is continuously synthesized
and continuously used up, mostly and visually as the energy
source for motility in mature spermatozoa. The rate of ATP
hydrolysis by demembranated sperm (treated with Triton X-100)
in general has been shown to be proportional to the degree of
motility. Even at optimal condition, still 70% to 80% of the
total ATP hydrolysis is linked to motility (Gibbons and
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Gibbons, 1972), presumably the rest is used in other physiologica:
processes. In human spermatozoa, for substrates.such as lactate,
pyruvate and succinate directly supplying electrons to the
electron transport chain, an inhibition in the oxidative
phosphorylation by oligomycin revealed that a reduction of
ATP content accompanied by an inhibition of motility (Suter
e a2., 1979). Similar studies on epididymal spermatozoa
with different metabolic inhibitors also illustrated the same
relationship between ATP content and motility (Dop e-t al.,
1977). Furthermore, the intracellular ion content, which is
maintained in the spermatozoa by energy-required process
(Quinn and White, 1967 Quinn and White, 1968), is also an
important factor for spermatozoal motility (Harrison, 1977).
In view of the critical role of ATP in the cell physiology,
its level under the effect of gossypol inhibition was also
studied.
Spermatozoa motility results from a succession of
undulatory bending waves propagated backward along the length
of the spermatozoal flagellum so as to develop a forward
propulsive thrust more or less along the axis of the spermatozoa
with which a movement can be achieved. The internal structure
of a flagellum contains an axoneme with the familiar (9+2)
filaments running along its length (Fawette, 1977 Gibbons,
1977). It is thought that dynein, the ATPase of the flagellar
axoneme, plays a major role in converting chemical energy (ATP)
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into mechanical energy. This ATPase is highly ATP-specific,
and requires magnesium ion as the activating divalent cation
for activation (Gibbons, 1963 Gibbons and Rowe, 1965).
Besides dynein, another ATPase activity is associated with
the plasma membrane where it functions at the expenditure
of ATP hydrolysis to maintain an ionic gradient across the
plasma membrane which is universal in all cell types. This
is the ATP-dependent NaK pump (Quinn e a2., 1965 Quinn
and White, 1967 Quinn and White, 1968), or called membrane ATPase.
Recently, the presence of a Ca++-Mg++ dependent ATPase
has also been demonstrated in spermatozoal plasma membrane
(orrester and Bradley, 1980).
At the subcellular level, sonicated mitochondrial fragment
preparation contains another ATPase activity (mitochondrial
fragment ATPase), even though in intact rnitochondria, this
ATPase activity is in very low level. It is however present
in the ruptured mitochondria (Gibbons and Gibbons, 1972).
This mitochondria) fragment ATPase activity can be inhibited
by oligomycin (Slater, 1967).
In this study, these three types of ATPase activities
(flagellar ATPase,.membrane ATPase and mitochondrial fragment
ATPase) were assayed with the aid of the specific inhibitors.
Ouabain was employed to inhibit membrane ATPase (Post Qi- at,,
1960 Dunham and Glynn, 1 961 Bonting et ae., 1962' Bonting




The boar semen was obtained from the Agriculture and
Fisheries Department.
All chemical reagents used in the experiments were of
analytical grade. The following reagents were purchased from
Sigma Chemical Co., (U.S.A.): ATP ADP NADP 2-deoxy-D-glucose
gossypol-acetic acid oligom.ycin ouabain Firefly Lantern
Extract glucose 6-phosphate dehydrogenase (Bakers Yeast)
and hexokinase (Yeast).
The respiratory rate study and the hypotonic treatment
of spermatozoa were described in the previous chatpers
(chapter two and chapter three). Oligomycin was dissolved
in absolute ethanol and added where tested.
Oxidative phosphorylation in intact spermatozoa was
studied by a method similar to that reported previously
(Hunter, 1955 Myers and Thronebery, 1966 Morton and Lardy, 1967).
Spermatozoa were washed thrice at 15°C with a medium contain-
ing 0.2M sucrose 60mM MOPS 1 mM EDTA, pH7.4 by KOH. After the
washing process by centrifugation, the spermatozoal pellets
were suspended in an assay medium containing 0.2M sucrose
60mM MOPS 10mM KH2PO4 and 5mM MgCl2, pH7.4 by KOH, and kept
at 15°C until assay. The study of oxidative phosphorylation
was done in the presence of deproteinized seminal plasma, or
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of pyruvate and malate, or of succinate. The seminal plasma
was prepared by the method described previously (chapter two).
It was deproteinized by the addition of 0°C perchloric acid,
70% (w/v), to 0°C seminal plasma, giving final HC104 concentration
of 4.6% (w/v), and the precipitated protein was removed by
centrifugation at 13,000g for 15 minutes at 0°C to 4°C C. The
supernatant was then neutralized with 10M potassium hydroxide
to about pH7, and kept in an ice-bath for precipitating potassium
chlorate. The clear supernatant contained the deproteinized
seminal plasma. In assay, spermatozoa were incubated with the
assay medium supplemented with the following materials: 10% (v/v)
deproteinized seminal plasma (or pyruvate and malate or
succinate) 1.67mM ADP 75mM 2-deoxy-D-glucose, 40mM potassium
fluoride 60U/ml hexokinase and various concentrations of
gossypol. After 30 minutes incubation at 30°C, the reaction was
stopped by the addition of perchloric acid (giving final HC104
concentration of 0.67M). Protein was removed by centrifugation
at 3,000g for 10 minutes at room temperature. The supernatant
was neutralized with 5M potassium carbonate to about pH4-pH6,
and kept in an ice-bath until all potassium chlorate was
eliminated by precipitation. Clear supernatant was collected
and stored in an ice-bath for 2-deoxy-D-glucose 6-phosphate
determination. Its content was determined by the method of Lang
(Lang and Michal, 1974). 2m1 of triethanolamine chloride buffer,
0.3M, pH7.6, was mixed with 1 ml sample. Magnesium chloride and
NADP were added to give final concentrations of 5mM and 1 mM
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respectively. Glucose 6-phosphate dehydrogenase was added,
and after about 3 minutes to complete the reaction, the
change in absorbance at 340nm was recorded by a spectrophoto-
meter.
Total ATPase activity, ATPase activity in the presence of
ouabain, and ATPase activity in the presence of ouabain and
oligomycin were studied (Slater, 1967 Jorgensen, 1974).
Spermatozoa were washed thrice at 15°C with isotonic Tris-Cl
buffer, 0.172M, pH7.0. After the washing process by centrifugation,
the spermatozoa) pellets were suspended in a medium containing
0.172M Tris 1mM EDTA 1 0mM MgCl2 30mM 2-m ercaptoethanol 1% (w/v)
BSA, pH7.5 sperms/ml.
by HCl, giving cell density of about 1,000x106
of 10 minutes (see chapter three and chapter four for details).
The whole sonicating preparation (without centrifugation
fractionation) was stored at 0°C for the ATPase study. The
assay medium for ATPases study contained 0.13M NaCl 60mM KCl
30mM histidine 10mM MgCl2 1mM EDTA 1 mM 2-mercaptoethanol
and 5mM ATP at pH7.5, to which gossypol, oligomycin and ouabain
were added. After the incubation at 30°C for 20 minutes, the
reaction was stopped by the addition of trichloroacetic acid
(final 10% (w/v)), and the protein precipitate was removed by
centrifugation. The inorganic phosphate content in the supernatant
was determined according to the method of Fiske and Subbarow
(Fiske and Subbarow, 1925), in which 2ml of the supernatant
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was mixed with 1 ml of acidic ammonium molybdate solution
(contained 13.6% (v/v) H2S04(95%) and 2.5% (w/v) ammonium
molybdate tetrahydrate), and with lrnl reducing agent (contained
1.5% (w/v) Na2S205 and 1% (w/v) p-methylamine phenol). 6ml
distilled water was added subsequently, and a blue color was
allowed to develop at room temperature for 60 minutes. The
absorbance was read at 660nm by a spectrophotometer.
The ATPase activity in intact mitochondria was studied
by using hypotonically-treated spermatozoa, which was prepared
by the method described previously (chapter three). The assay was
based on the method of Mitani (Mitani et al., 1977). The
hypotonically-treated spermatozoa was suspended in a medium
containing O.1M sucrose 4OmM KCl 10mM triethanolamine chloride
10mM triethanolamine acetate, 5mM MgC12 5mM ATP and 0.2.mM ouabain
atpH7.4.The assay was done essentially as that on the sonicating
preparation of spermatozoa as described before.
The ATP content in spermatozoa was determined essentially
by the methods of Suter (Suter et al., 1979) and of Strehler
(Strehler, 1974). Spermatozoa pelleted by centrifugation were
suspended in Krebs-Ringer phosphate solution, pH7.4, supplemented
with 0.2 mg/ml glucose and 10% (v/v) seminal plasma (see chapter
two for its preparation). The spermatozoal suspension was
pre-incubated at 25°C for 15 minutes before gossypol was added.
At various incubation time intervals, aliquot of the suspension
was removed and added to 9 volumes of 100C distilled water.
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The mixture was kept at 100°C for about 15 minutes, then
transferred to an ice-bath. The precipitate was removed by
centrifugation at 10,000g for 15 minutes at 0°C-4°C. The
supernatant contains ATP extracted from spermatozoa by boiling.
0.9m1 of it was added to a photocell (quartz, with light path
of 0.5cm), and placed in the photometer (Hitachi Model 139
spectrophotometer, Hitachi, Ltds., Tokyo, Japan) when the
light source was turned off. 0.3ml Firefly Lantern Extract
was injected rapidly into the photocell, and the intensity of
emitted light was recorded. The light intensity peak was
used to calculated the ATP content in the sample (Deluca et al.,
1979).
For the determination of ATP content in spermatozoa in the
presence of cyanide, 1mM potassium cyanide was involved in
the assay.
RESULTS
A. Uncoupling the oxidative phosphorylation of spermatozoa:
1. The respiration study:-
Whether gossypol stimulates respiration by playing
an artificial electron acceptor role in the electron
transport chain was tested in the presence of cyanide.
It was found that the strong inhibiting effect of
cyanide on respiration was not relieved by gossypol at
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3.2x10-5M (Figure 5-1-A). A very slight increase took
place presumably due to incomplete cyanide blockage.
An experiment with chemicals added in reverse sequence
showed that the gossypol-stimulated respiration was
completely inhibited by cyanide (Figure 5-1-B). These
results indicate that gossypol does not act as an
artificial electron acceptor.
The uncoupling nature of gossypol on spermatozoa
was further explored by the application of oligomycin
which inhibits oxidative phosphorylation, resulting
in a halt in the electron transport chain. In Figure
5-2-A, addition of oligomycin causes an inhibition in
respiration (from 220.3 nmole 02/hr/108sperms to 48.1
nmole 0 2/hr/108sperms) which is relieved by the addition
of gossypol at low concentration (3.2x10-5M) (from 48.1
nmole 0 2 /hr/i08sperms to 396.6 rlmole/hr/108sperms). In
Figure 5-2-B, addition of 3.2x10-5M gossypol stimulates
the respiration (from 198.3 nmole 02/hr/108sperms to
423.0 nmole 0 2 /hr/108sperms), and this uncoupled system
is not apparently inhibited by oligomycin (from 423.0
nmole 02 /hr/10 8 sperms to 372.1 nmole 0 2 /hr/108 sperms).
Figure 5-2-C shows that high concentration of gossypol
(3.2x10-4M, ten-fold higher than the previous concentrat-
ion) inhibits the oligomycin-insensitive respiration
(probably state 4 respiration) completely. This is
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Figure 5-1
Effect of gossypol on spermatozoa) respiration in the presence
of potassium cyanide
Unwashed spermatozoa were diluted in Krebs-Ringer phosphate
solution, pH7.4, containing 10% (v/v) seminal plasma and
2 mg/mi D-glucose. Respiratory rate was measured at 30°C.
The values against the slops represent the rate of respiration
with the unit of nmole 0 2 /hr/108sperms. The final concentrations
of the reagents added to the spermatozoal suspension, as well
as the abbreviations used in the graphs are listed below:
( Sp): spermatozoa, 80x1 06sperms/ml
( Cy): potassium cyanide, 0.9mM



















Effect of gossypol on spermatozoal respiration in the presence
of oliomvcin
Unwashed spermatozoa were diluted with isotonic Tris-Cl buffer,
pH7.0, containing 10% (v/vj seminal plasma. Respiratory rate
was measured at 30°C. The values against the slope represent
the rate o f respiration with the unit of nrnole 02 /hr/108 sperms.
The final concentrations of the reagents added to the spermato-
zoal suspension, as well as the abbreviation used in the graphs
are listed below:
(Sp): spermatozoa, 80x1 06sperins/inl
(Ol): oligomycin, 1jg/ml
( Go): gossypol, 3.2x1 0-5M





expected for a common uncoupler.
The uncoupling effect of gossypol was further
examined in the hypotonically-treated spermatozoa.
In a system where pyruvate oxidation was intentionally
inhibited by adding sodium arsenite, extramitochondrial
reducing equivalents, in the form of NADH, were provided
to the mitochondria by allowing either the lactate-
pyruvate shuttle or the malate-aspartate shuttle to
operate (Figure 5-3-A and Figure 5-3-B). The respiration
of the hypotonically-treated spermatozoa in the presence
of various substrates of these two shuttles was essentially
the same as reported previously (Calvin and Tubbs, 1978).
Apparently, the respiration supported by these two shuttles
was inhibited by oligomycin, and this inhibition could
be relieved by 3.2x1O-5M gossypol.
2. Intact mitochondrial ATPase activity study (in hypo-
tonically-treated spermatozoa):-
The ATPase activities in hypotonically-treated
spermatozoa was studied in the presence of gossypol.
In such preparation, presumably many ATPase activities,
predominantly the flagellar ATPase were present. However,
they were found to be insensitive to gossypol (see the
following paragraphs and Figure 5-7), so any change
in the ATPase activity caused by gossypol in hypotonically-
treated spermatozoa was due to the intact niitochondrial
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Figure 5-3
Effect of oss of on the h otonically -treated spermatozoal
respiration using various substrates
Hypotonically-treated spermatozoa were employed. The assay
medium is composed of 0.2M sucrose, 60mM MOPS, 10mM potassium
phosphate and 5mM magnesium chloride, pH7.4. Respiratory rate
was measured at 30°C. The values against the slope represent
the rate of respiration with the unit of nmole 0 2 /hr/108sperms.
The final concentrations of the reagents added to the spermato-
zoal suspension, as well as the abbreviations used in the
graphs are listed below:
( SP): spermatozoa, 180x106sperms/ml
( Ar): arsenite, 2mM
( La): lactate, 1mM
( Ma): malate, lmM
( G I): glutamate, 5mM
( 01): oligomycin, lpg/ml







Figure 5-4 shows a strong ATPase activity in the
absence of gossypol. The effect behaves biphasically
as that shown in the respiration (chapter two and
chapter three). The curve shows a maximum stimulation
at 3.2x10-5M, in the same range as that observed for
respiration, and a gradual inhibition at the concentrations
higher than 3.2x10-5M. Even at 3.2x10-4M, a considerable
ATPase activity remains. This gossypol insensitive
ATPase component (74% of the control activity) appears
to be the flagellar ATPase (see discussion). The biphasic
response of intact rnitochondrial ATPase activity to
uncouplers is quite typical, and such pattern given
by gossypol confirms its uncoupling effect on spermatozoal
mitochondria.
B. Effect on the oxidative phosphorylatiori of spermatozoa:
The oxidative phosphorylation of intact spermatozoa
in deproteinized seminal plasma, or in pyruvate and malate,
or in succinate, were studied (Figure 5-5). All give similar
patterns at lower to moderate gossypol concentrations. An
inhibition is first observed at 10-5M gossypol. Further
inhibition is observed at higher gossypol concentrations,
but never completely inhibited. In deproteinized seminal
plasma, oxidative phosphorylation shows an unusual recovery
at higher gossypol concentrations (3.2x10 M and 3.2x1O-4M)
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Figure 5-4
Effect of gossypol on hypotonically-treated spermatozoal
ATPase activity
Hypbtonically-treated spermatozoa were prepared for this
assay. The reaction was allowed to run at 30°C and the
phosphate released from ATP was determined.
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Figure 5-5
Effect of .oss of on s ermatozoal oxidative phosphorylation
Intact spermatozoa were employed for this test. Lne assay
was allowed to run at 30°C, and the 2-deoxy-D-glucose 6-phosphate
content was determined.
In panel A, the oxidative phosphorylation was studied in the
prsence of 10% (v/v) deproteinized seminal plasma.
In panel B, the oxidative phosphorylation was studied either
in the presence of pyruvate (10mMM1) and rrralate (10mM)(•)
or in the presence of succinate (1 0mM)( 0)•
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but no recovery is noted when either pyruvate and malate,
or succinate is used.
The oxidative phosphorylation was studied by the
determination of 2-deoxy-D~glucose 6-phosphate content
(see materials and methods). In order to find out whether
the unusual results, at high gossypol concentration, were
due to the influence of glucose 6-phosphate generated by
spermatozoa, a similar study was carried out in the absence
of any substrate and hexokinase (Figure 5-6). It was found
that, at all gossypol concentrations, the endogenous
glucose 6-phosphate was only in very low level, and was
relatively constant. It rules out the possible Influence of
endogenous glucose 6-phosphate to the assay.
C. Effect on various ATPase activities of spermatozoa:
Figure 5-7 shows the responses of various ATPases
to gossypol. It is obvious, that total ATPase activity
(without any inhibitor) and flagellar ATPase activity
(the ATPase activity in the presence of ouabain and oligomycin)
are both insensitive to gossypol. A slight inhibition for
them is only recognizable at exceedingly high gossypol
concentration (3.2x10 M). Even though the value obtained
for the ATPase activity in the presence of ouabain is not
much lower than that in its absence, the consistent existing
difference between these two curves throughout all the
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Figure 5-6
Effect of gossypol on spermatozoal glucose 6-phosphate content
The experimental conditions were exactly the same as in
oxidative phosphorylation study except hexokinase and substrates
were omitted from the medium. The purpose of this experiment
is for the calibration of possible endogenous glucose 6-phosphate
which may interfere the oxidative phosphorylation study.
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Figure 5-7
Effect of oss of on various spermatozoalATPase activities
Spermatozoa were sonicated and the whole sonicating preparation
was employed for the ATPase activities estimation. Assay was
carried out at 30°C and the phosphate released from ATP was
determined. The final concentrations of oligomycin and ouabain,
when required, were 50pM and 2mM correspondingly.
ATPase activity without any inhibitor.
ATPase activity with ouabain.
ATPase activity with ouabain and oligomycin.
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gossypol concentrations strongly suggests that the membrane
ATPase does exist in our preparation, but in a rather low
activity (see discussion). Such a low membrane ATPase activity
will not give any significant information about its response
to gossypol.
In the sonicating preparation of spermatozoa, the
flagellar ATPase activity was found to be 0.83±0.05 umole
phosphate/hr/10 sperms (about 40% of total ATPase activity),
and the mitochondrial fragment ATPase activity was found to
be 1.17±0.05 umole phosphate/hr1O sperms (about 57% of
total ATPase activity). The mitochondrial fragment ATPase
activity was apparently higher than the ATPase activity
in the intact mitochondria (0.57±0.08 umole phosphate/hr/
10 sperms, calculated from the ATPase study in the hypo-
tonically-treated spermatozoa). All these values were
obtained in the absence of gossypol, and their significance
will be considered in discussion.
D. Effect on the ATP content of spermatozoa:
Figure 5-8 shows the effect of gossypol on spermatozoal
ATP content at two time intervals: an immediate response
(observed 2.5 minutes after gossypol addition) and. a delayed
response (observed 15 minutes after gossypol addition).
ATP content is essentially unaffected by gossypol at 1.8x10-5M
or lower concentrations. Only a slight reduction is observed
at 3.2x10-5M and 5.6x10-5M. The immediate and delayed
Figure 5-8
Effect of gossypol on spermatozoal ATP content
Unwashed spermatozoa were employed. The spermatozoa were
suspended in Krebs-Ringer phosphate solution, pH7.4, supplement
with 10% (v/v) seminal plasma and 2 mg/ml glucose. The assay
was carried out at 25°C. The ATP contents were assayed at 2.5
minutes after addition of gossypol(®) and 15 minutes after
addition of gossypol( 0).
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gossypol effects show no significant difference up to
5.6x10-5M. At 3.2x10-4M, ATP level is reduced to half of the
normal value after 2.5 minutes incubation, while that in
15 minutes incubation reduces ATP level practically to an
exceedingly low value.
The time-dependent decrease of ATP content was further
investigated at several gossypol concentrations (Figure 5-9).
At 3.2x10-5M gossypol, a rapid drop in ATP content initially
is then stable for the rest of the tested 90 minutes. At
10-4M gossypol, an initial rapid drop is levelled off at
a longer time (about 15 minutes). At 3.2x1 0-4M gossypol,
the drop continues up to 15 minutes, leaving only minute
amount of ATP.
If spermatozoal aerobic metabolism of glucose is
inhibited by cyanide, the ATP will be mainly produced by
anaerobic glycolysis. The effect of gossypol on the ATP
content supplied mainly by anaerobic glycolysis is shown
in Figure 5-10. In the control. experiment (no gossypol),
there is no significant difference in the ATP contents
in the presence or absence of cyanide, at both immediate
and delayed observations. It implies that the anaerobic
glycolysis in spermatozoa is sufficient to maintain normal
ATP level when aerobic glycolysis is nonfunctioning. There
is no apparent difference between the immediate and the
delayed effects up to 10-4M gossypol. This anaerobic
Figure 5-
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Assay conditions were the same as in Figure 5-5
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Figure 5-10
Effect of gossypol on cyanide-inhibited spermatozoal ATP contenl
The assay conditions were the same as in Figure 5-8, with the
assay medium supplemented with 1 rriM potassium cyanide. ATP
measurement were taken at 4- minutes(•) and 1 0 minutes
( O) after gossypol addition.
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glycolysis maintained ATP content reduces to two-thirds
at 3.2x10 M. For immediate effect, the ATP content is
not further decreased even at as high as 3.2x10 gossypol.
However, in the delayed effect, further decrease in ATP
content is noted at higher than 10 gossypol.
DISCUSSION
Several lines of evidence have been obtained which
describe the uncoupling effect of gossypol on mature boar
spermatozoa! oxidative phosphorylation. These evidences
include: giving rise to a characteristic biphasic respiratory
response (chapter two); relieving oligomycin-inhibited
respiration and lacking inhibitory effect of oligomycin
on the gossypol-stimulated respiration; stimulating intact
mitochondria A'TPase activity at low concentration and
inhibiting it at high concentration. It works as a mitochondrial
uncoupler with an effective uncoupling concentration at
approximately 3.2x10 M. The gossypol uncoupling effect works
well in both the intact spermatozoa (chapter two) and the
hypotonically-treated spermatozoa which are supplied with
various extramitochondrial substrates (chapter three) or
with extramitochondrial reducing equivalents and the shuttles-
required metabolites (this chapter). Gossypol does not function
as an artificial electron acceptor. At 3.2x10 'M, it inhibits
respiration entirely.
The oxidative phosphorylation in intact spermatozoa
is more susceptible to gossypol than either the electron
transport chain or the metabolic enzymes (see chapter three
and chapter four). This was also reported as one of the
characteristics of mitochondrial uncouplers (Hunter, 1955).
In sweet potato and beef heart particulate preparation, it
has also been indicated that, at gossypol concentrations
that show little or no effect on respiration, the oxidative
phosphorylation has already been suppressed to about 50? or
less activity. It implies that oxidative phosphorylation
is more severely inhibited than respiration (Myers and
Throneberry, 1966)
In this study, a reduction in oxidative phosphorylation
at the threshold gossypol concentration about 5.6x10 M is
apparently due to a typical uncoupling effect in which both
respiration and mitochondrial ATPase activity are stimulated.
The reason why oxidative phosphorylation at above 3.2x10 M or
5.6x10 M does not reduce further is unkown.
In contrast to the high sensitivity of ATP formation
process to gossypol, various ATPase activities (except the
ATPase activity in intact mitochondria) are essentially
inert to gossypol. Whether all these ATPases are also
inert to gossypol prior to sonication have not been further
perused. For flagellar ATPase (the dynein), it seems no
strong reason to suspect a change in the sensitivity after
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mechanical sonication.
A detailed comparison of the values of various ATPase
activities in different preparations gives the following
picture. For the sonicating preparation, the flagellar ATPase
activity is 0.83±0.05 Fmole phosphate/hr/108sperms, which is
only about 50% the activity of that obtained from hypotonically-
treated spermatozoa. A reduction of 50% activity, if not due
to technically complication, is still acceptable since the
lower value comes from a much disintegrated flagellar moiety.
On the other hand, the mitochondrial fragment ATPase activity
(from the sonicating preparation) gives a higher value than
that in the intact mitochondria (from the hypotonically-treated
spermatozoa) (1.17±0.05 pmole phosphate/hr/108sperms in the
case of mitochondrial fragment ATPase, and 0.57±0.08 pmole
phosphate/hr/108sperms in the case of intact mitochondrial
ATPase activity). This result is also reasonable since the
disintegration of mitochondria is known to produce the ATPase
activity that is normally low in intact mitochondria. Again,
these calculations give no consideration of the presence of
recently suggested Ca++-Mg++_dependent ATPase (Forrester and
Bradley, 1980). Tentatively, we assume this ATPase activity
is negligible especially in the absence of calcium ion addition.
In the hypotonically-treated spermatozoa, the presence of
3.2x10-5M gossypol stimulated the ATPase activity in intact
8
mitochondria up to 1.47±0.04mole phosphate/hr/10 sperms.
However, in the sonicating preparation, the mitochondrial
fragment ATPase activity is only 1.17-0.05 umole phosphatehr
10 sperms.This result may imply that either sonication has
destroyed some ATPase activity in the mitochondria, or that
the gossypol treatment exposes better the ATPase activity in
mito chondria.
Of the ATPases studied, the membrane ATPase activity
(ouabain sensitive) is quite low in the sonicating preparation.
Many factors can contribute to this low activity. Firstly,
the sonication may destroyed this ATPase activity. Secondly,
it is conceivable that different species, or different tissues
in the same species, may have different membrane ATPase activity.
Lastly, the sensitivity of different species membrane ATPase
to ouabain may vary a great deal (Post and Sen, 1967). It
is very likely that either the membrane ATPase activity
in the preparation is partly destroyed or it has a low ouabain
s ensitivity.
How is motility (chapter two) related to the ATP content?
ATP content is essentially stable up to 1.8x10 M gossypol,
and only a slight effect is observed up to 5.6x10 (88% ATP
left). While the motility drops at a threshold of as low as
5.6x10~M gossypol, leaving only about 13% motility at 5.6x10.
Apparently, the motility is more seriously inhibited than
the ATP content. In other words, there may be no apparent
correlation between motility inhibition and ATP reduction
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in the presence of gossypol unless the spermatozoal motility
has to be maintained by a high level of ATP, and a slightly
lowering of the ATP level immediately jeopardise the motility.
This of course does not rule out the possibility that ATP level
is still one of the many factors that can alter the mode of
motility.
Gossypol appears to drain off ATP by two reaction mechanisms,
one fast and one slow. The slow reduction of ATP level at low
gossypol concentration may be stabilized while the fast one is
dose-dependent. It seems to be as replenishing mechanism in
which ATP can be resupplied to bring forth a new yet low ATP
equilibrium level at relatively low gossypol concentration.
This replenishing mechanism may be the substrate level
phosphorylation. At higher gossypol concentration, however,
the hope for a new equilibrium is completely collapsed.
The finding that in the presence of glucose the ATP content
was essentially unaffected by cyanide, indicates the anaerobic
glycolysis alone can maintain a normally functional ATP level.
This is consistent with the previous report that in human
spermatozoa where oxidative phosphorylation was inhibited by
oligomycin, ATP content still maintained at normal level in
the presence of glucose (Suter et ae., 1979).
In conclusion, gossypol exerts a diversified inhibitory
effect on spermatozoal energy metabolism. At low gossypol
concentrations, adequate ATP content can still be maintained
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by the slightly affected oxidative phosphorylation and the
relatively unaffected glycolysis. By gradually raising the
gossypol concentration, oxidative phosphorylation is inhibited.
This is however, compensated by minor stimulation of glycolysis.
Further increase of gossypol concentration intensifies the
inhibition at all levels, lending to a fast exhaustion of
ATP content. This energy deprivation may be responsible for
the mature spermatozoa functional destruction. Whether this
energy deprivation is also the key effect responsible for the
spermatogenic antifertility action requires further investigation.
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CHAPTER SIX EFFECTS OF GOSSYPOL
ON SPERMATOZOAL TRANSPORT FUNCTIONS
INTRODUCTION
Mature spermatozoon, like most other independently
existing cell individual, has all its life-maintaining cellular
components enclosed within its plasma membrane for the sake
of effective management and easy protection. This is just what
nature has achieved in its long history of evolution. In order
to provide a less vulnerable, less affectable homeostatic
environment for all cellular biochemical events to take place
in a precisely programmed manner, the spermatozoal plasma
membrane serves as an outermost barrier to shield off external
fluctuations and unwanted chemical factors from their damageous
effects on intracellular reactions. A characteristic feature of
most typical cell is an ionic gradient across the plasma
membrane. Apparently, the plasma membrane behaves like a wall
separating the inside from the outside of the cell into
two distinct worlds in which different biochemical reactions
may take place. Intracellular potassium content is higher
than natural extracellular potassium level. Conversely, the
sodium level is higher outside. In human erythrocyte, the active
transport of sodium and potassium ion across the cell membrane
in opposite direction are coupled so that in each cycle the
pump transport three sodium ions out in exchange of two potassium
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ions into the cell, with one ATP molecule hydrolyzed to ADP
(Post and Jolly, 1957). This potassium gradient has many
possible physiological significances as inorganic potassium
does play a heavy role in many major biochemical reactions (e.g.:
as a physiological activator of pyruvate kinase and directly
involved in the spermatozoal flagellar movement). Furthermore,
intracellular potassium level has actually been suggested to
be a trigger in cell developmental events (Tso and Fung, 1980).
The maintenance of appropriate intracellular ion contents
has also been shown to exist in spermatozoa (Quinn e.t ae.,
1965). Of all the major physiologically existing ions, sodium
and potassium are of prime important since the ATP-dependent
sodium-potassium pump is actively involved in the major energy
metabolic processes. Furthermore, potassium, together with
magnesium, is linked directly to flagellar movement (Lindemann
and Gibbons, 1975). Intracellular sodium and potassium ion
contents of spermatozoa can be affected by many factors, such
as temperature the presence of metabolic and transport inhibitors,
uncouplers, membrane active reagents and extracellular fluid
composition (Quinn and White, 1967 Quinn and White, 1968).
As these ion contents can affect other very diversified
biochemical reactions, either directly or indirectly, the gossypol
effect on the spermatozoal plasma membrane leakage of these
ions was studied.
Obviously, a shift in the ion gradient equilibrium
across the spermatozoal plasma membrane will not be indifferent
to the membrane transportability of most biomolecules, especially
those related to metabolism and development in spermatozoa. Of
all commonly encountered biomolecules, glucose and fructose
are the key substrates in the energy balance of motile spermatozoa
(Cascieri e a2., 1976). Although D-fructose is the predominant
sugar moiety in the seminal plasma, spermatozoa can utilize
D-glucose effectively (Murdoch and White, 1966 Hoksin and
Patterson,1968). In fact, D-glucose is the preferred substrate
if both D-fructose and D-glucose are present (Vantienhoven et al.,
1952 Ehlers and Chiriboga, 1965 Peterson and Freund, 1971
Pedron et al., 1975). It is possible that this choice of
metabolic preferrence is due to the higher transport efficiency
of D-glucose across the spermatozoal plasma membrane (Glander
and Dettmer,1978a). In previous chapter, D-glucose has been
shown to be sufficient to maintain ATP content in boar mature
spermatozoa to a normal level, both in the presence of cyanide
(anaerobic state) or the absence of cyanide (aerobic state).
Besides that, the transport nature of D-glucose in many
membrane systems have been investigated and basic transport
patterns have been obtained. This rich body of information
makes D-glucose be one of the biomolecules included in the
study of the spermatozoal transport function.
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Ejaculated boar spermatozoon is a mature germ cell and
exhibits no vigorous cell growth. Its grand biosynthetic
activity is low. There is, however, a minor protein synthesis
activity observed in spermatozoa with unknown physiological
importance (Busby at. at., 1974). Protein synthesis and RNA
synthesis even though take place but only to a limited degree
and locate mainly in the spermatozoal mitochondria (Premkumar
and Bhargava, 1972 Mujica, 1976). In mouse epididymal spermatozoa,
incorporation of radioactive amino acids into trichloroacetic
acid precipitable material has been shown. This incorporation
was found to be inhibited by chloramphenical (mitochondrial
protein synthesis inhibitor) but not by cycloheximide (cytoplasmic
protein synthesis inhibitor). Gel electrophoresis indicated
that the amino acids (labelled with radioactivity) associated
with some high molecular weight polypeptides. Autoradiographs
indicated the radioactive amino acids located in the midpiece
regions (Bragg and Handel, 1979). Those amino acids for the
mitochondrial protein synthesis are expected to come from
extracellular sources and their transport through the plasma
membrane should also be regulated by the membrane transportability.
To complete the picture of gossypol effect on spermatozoal




The boar semen was obtained from the Agriculture and
'i i clor1 oc Ponnr+ rnon+
All chemical reagents used in the experiments were of
analytical grade. The following reagents were purchased from
Sigma Chemical Co.: L-leucine gossypol-acetic acid and
Penicillin-G. The radioactive L-leucine (4,5-3H) and the
radioactive D-glucose (2-3H) were purchased from The Radio-
chemical Center, Amersham, England.
Sodium and potassium content estimation was based on
the methods of Quinn (Quinn et al., 1965) and of Shah (Shah et al
1980). Spermatozoa were washed thrice at 15°C either with
Krebs-Ringer phosphate solution (pH7.0) supplemented with
2 mg/ml glucose, or with isotonic Tris-Cl buffer (0.172M,
pH7.0) supplemented with 2 mg/ml glucose. After the washing
process by centrifugation, the spermatozoal pellets were
suspended either in Krebs-Ringer solution or in isotonic Tris-Cl
buffer. Both are supplemented with 2 mg/ml glucose. In assay,
the spermatozoal suspension (in Krebs-Ringer phosphate or in
isotonic Tris-Cl) was preincubated in the microcentrifuge tube
at 30°C for 10 minutes, followed by the addition of gossypol
in various concentrations. Reaction was allowed at the same
temperature for 30 minutes, after which the reaction was stopped
by rapid centrifugation at 15,000rpm for 10 minutes by the
Microcentrifuge (Model 5412, Eppendorf). The supernatant was
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discarded and the centrifuge tube wall was cleaned twice,
each with l ml of isotonic Tris-Cl (pH7.0) arid dried with
filter paper carefully. The remaining pellets were then
resuspended in 50% HNO3, and heated to 100°C in a water-bath
for 1. 5 hours (Shah et ae ., 1980). On cooling to room temperature,
equal volume of distilled water was added to this clear solution.
The ion content in this mixture was determined by Atomic
Absorption Spectrophotometer (Type AA4, Techtron Pty, Ltd.,
Melbourme, Australia). The wavelength employed for Na+ and K+
estimation are 589.0nm and 766.5nm respectively with proper
dilution and careful calibration.
The L-leucine uptake study was based on the method of
Bragg (Bragg and Handel, 1979). The D-glucose uptake study
was based on the method of Glander (Glander and Dettmer, 1978a
Glander and Dettrner, 1978b). For L-leucine uptake study,
spermatozoa were washed twice at 15°C with Krebs-Ringer phosphate
solution (pH7.4) supplemented with 2 mg/ml glucose and 0.1 mg/ml
penicillin-G. For D-glucose uptake study, spermatozoa were
washed in the same manner except glucose was absent. After
the washing process by centrifugation, the spermatozoal pellets
were suspended in the corresponding supplemented Krebs-Ringer
phosphate solution. In the uptake studies, the spermatozoal
suspension was preincubated at 30°C for 30 minutes, followed
by the addition of gossypol in various concentrations and
the corresponding radioactive compounds. In the L-leucine uptake
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study, the final L-leucine concentration in the sperruatozoal
suspension was 2.511M with a specific activity of luCi/nmole.
In the D-glucose uptake study, the final D-glucose concentration
in the spermatozoal suspension was 1mM with a specific activity
of 2pCi/mole. After 3 hours incubation, uptake was terminated
by rapid filtration through a glass fiber filter. The filter
was washed thrice, each with 4m1 of the corresponding Krebs-
Ringer phosphate solution containing equal concentration of
non-radioactive L-leucine or D-glucose. The filter was dried
at 40°C-50°C and the radioactivity was counted. Each counting-
vial contained 7ml of scintillation fluid (0.4% (w/v) PPO
0.04% (w/v) POPOP 33% (v/v) Triton X-100 in toluene). The
filter was immersed in this scintillation fluid and shaken
overnight in the capped countering-vial, then counted in the
Liquid Scintillation Counter (LS 7000 Liquid Scintillation
System, Beckman Instruments, Inc., Fullerton, California,
U.S.A.).
RESULTS
A. Effect on the intracellular sodium and potassium ion
contents of spermatozoa:
In isotonic Tris-Cl buffer, the intracellular sodium
ion contents in all the gossypol concentrations studied
were almost remained constant. In Krebs-Ringer phosphate
solution, which contains a physiological level of the four
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major cations: sodium, potassium, calcium and magnesium,
the intracellular sodium ion content was also found to
be insensitive to gossypol. Krebs-Ringer phosphate solution
was employed because it is a physiological salt solution
and thus provided a more physiological extracellular
environment to the spermatozoa. Other the other hand,
isotonic Tris-Cl buffer is an artificial solution practically
free from sodium and potassium ions, so it can provide a
metallic ion-free extracellular environment to the spermatozoa.
Since Krebs-Ringer phosphate solution contains a high
concentration of sodium, a higher sodium ion value of
speramtozoa would be obtained in this solution than that
obtained in the isotonic Tris-Cl buffer, simply due to
the contamination of spermatozoal pellets by the extra-
cellular sodium ion (Figure 6-1-A).
On the contrary, high gossypol concentration induced
a leakage of intracellular potassium ion to the environment.
The leakage took place at the threshold of 10-4M gossypol
in Krebs-Ringer phosphate solution, or at that of 3.2x10-5M
gossypol in isotonic Tris-Cl buffer. The shift of threshold
to a higher gossypol concentration in Krebs-Ringer phosphate
solution might be simply due to the presence of potassium
ion in this physiological salt solution. At the highest
gossypol concentration studied, namely 3.2x10-4M, the
intracellular potassium ion content, in the case of Krebs-
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Figure 6-1
Effect of gossypol on spermatozoal sodium and potassium ion conte
Nature spermatozoa were washed thrice and resuspended in Krebs-
Ringer phosphate solution or in isotonic Tris-Cl buffer. The
solution was supplemented with 2 mg/ml glucose. The incubation
was carried out at 300 C.
In panel A, the sodium ion contents in spermatozoa incubated in
Krebs-Ringer phosphate solution(®) or in isotonic Tris-Cl
buffer() were shown.
In panel B, the potassium ion contents in spermatozoa incubated
in Krebs-Ringer phosphate solution(®) or in isotonic
Tris-Cl buffer() were shown.
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Ringer phosphate solution, reduced to 63% of the control
potassium ion content (no gossypol); and in the case of
isotonic Tris-Cl buffer, reduced to 41% of the control
content. The higher intracellular potassium ion value
obtained from the Krebs-Ringer phosphate solution is
also simply due to the contamination of the cell pellets
by the extracellular potassium ion (Figure 6-1-B).
B. Effect on D-glucose uptake of spermatozoa:
Gossypol stimulated the uptake of D-glucose at low
concentration (3.2x10-6M) but gradually inhibited it
to approximately 9% of the control. uptake activity at
3. 2x10-4M (Figure 6- 2').
C. Effect on L-leucine uptake of spermatozoa:
Essentially, the pattern of gossypol effect on the
L-leucine uptake is similar to that of the D-glucose
uptake except: 1) only slight stimulation of L-leucine
uptake occurred at 3.2x10 6M gossypol 2) a slight reverse
on the downward curve in L-leucine uptake at the highest
concentration tested (3.2x10-4M) (Figure 6-3).
DISCUSSION
Ions confined by a membrane barrier under a concentration
gradient continuously leak out according to the thermodynamic
principle. A stable ionic gradient is maintained only by the
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Figure 6-2
Effect of gossy_pol on spermatozoa.l D-glucose uptake
Washed spermatozoa were suspended in Krebs-Ringer phosphate
solution containing 0.1 mg/ml penicillin-G. Gossypol and
radioactive D-glucose were added simultaneously after 30
minutes preincubation at 30°C. Incubation was carried out
at 30°C for 3 hours. Final concentration of D-glucose in the
assay medium was 1mM, with specific activity of radioactive
D-glucose of 2 uCi/umole. The radioactivity was counted by
an AQC (automatic quenching calibration) program, with the
counting efficiency between 40%- 50% for 3H.
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Figure 6-3
Effect of aossypol on spermatozoal L-leucine uptake
Washed spermatozoa were suspended in Krebs-Ringer phosphate
solution containing 0.1 mg/ml penicillin-G and 2 mg/ml glucose.
Gossypol and radioactive L-leucine were added simultaneously
after 30 minutes preincubation at 30°C. Incubation was carried
out at 30°C for 3 hours. Final concentration of L-leucine in
the assay medium was 2.5uM, with specific activity of
radioactive L-leucine of 1uCi/nmole. The radioactivity was
counted by an AQC (automatic quenching calibration) program,
with the counting efficiency between 40%- 50% for 3H.
CONCENTRATION OF GOSSYPOL (M)
incessant function of an energy dependent purrip which transports
ions from the low concentration to a high one against the
chemical potential.
In boar spermatozoa, it has been suggested that for each
ion, sodium or potassium, the leak rate should be approximately
equal to the pump rate (Crabo, 1976). In the results, for
constant sodium ion content throughout the whole range of
gossypol concentration and also for constant potassium ion
at low gossypol concentration, the contancy is probably
due to the gossypol inertness of the leakage component (plasma
membrane) and the ion pump system rather than due to an
effect of equal magnitude to both systems. At high gossypol
concentration, it is quite surprising to see only the intra¬
cellular potassium ion leaks. If the sodium-potassium pump
is inhibited, the coupled sodium and potassium exchange will
give rise to a change in both ions. Many inhibitors such as
ouabain, fluoride, iodoacetate and 2,4-dinitrophenol affect
both sodium and potassium ion contents in dog, ram and bull
spermatozoa (Quinn and White, 1967; Quinn and White, 1968).
The unilateral reduction of intracellular potassium ion
content observed indicates either there is a faster leakage
of potassium or a less efficient pumping of potassium ion
back into the spermatozoa. Since the pump serves both ions,
unless the coupling has been loosen, otherwise the potassium
reduction is due mainly to a more efflux of this ion. Since
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leakage process appears to be a thermodynamic transport
phenomenon regulated only by chemical potential across the
barrier, a less potassium loss rate in Krebs-Ringer phosphate
solution which contains potassium ion is well understandable.
Nevertheless, a less gossypol sensitive potassium reduction
effect observed in Krebs-Ringer phosphate solution may also
be stemmed from the presence of magnesium ion in the solution,
which has already be recognised to possess an antagonistic
effect to gossypol effect on potassium ion content. Study on
the isolated rabbit heart has indicated that gossypol could
cause a significant loss of potassium ion and the loss
could be minimized by the addition of magnesium ion (Qian et ae.,
1979b). A differential leakage to sodium and potassium ions
(passive diffusion) can be attributed to the fact that either
the hydrated potassium ion is smaller than the hydrated sodium
ion (0.4nm instead of 0.6nm diameter) or the plasma membrane
might be asymmetrical and might produce a directional transport-
ability.
In a previous report, addition of the detergent cetyl-
trimethylarnmonium bromide to spermatozoa incubated in calcium-
free Krebs-Ringer phosphate solution caused an efflux of
potassium ion from the cell to the medium and an influx of
sodium ion from the medium into the cell. Presumably,
this is a destructive detergent effect on the plasma membrane
lipoproteins which affects transport of both sodium and potassium
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bilaterally. Such an effect has given rise to a reduced intra-
cellular ions level in both sodium and potassium ions with
spermatozoa suspended in a more hypotonical medium (Quinn and
White, 1968). In this study, only intracellular potassium
ion content was affected by gossypol, thus it roles out a
gossypol membrane destruction as developed in the detergent
treatment.
Many enzymes require potassium ion as a cofactor. The
flagellar movement also requires the presence of potassium ion
(Lindemann and Gibbons, 1975). A comparison of inhibition of
motility with the amount of potassium ion lost, however, does
not support the view that the loss of potassium ion is solely
responsible for motility inhibition since at above 10-4M gossypol
at which the spermatozoal motility has be considerable inhibited,
the potassium ion content has shown only at the threshold of
the loss. Whether at high gossypol concentration, the potassium
ion level is a contributing factor to physiological deterioration
is hard to determine since many enzymic reactions (previous
chapters) are inhibited to certain extent by one way or the
other at that concentration range. It seems potassium leak,
though unique, is only one of the many inhibitory effects
of gossypol which might be significant in developing germ
cells but does not behave like a key factor in mature spermatozoal
death in vitro.
untake shows stimulation at low gossypol
concentration and inhibition at high one. At 3.2x10 gossypol,
D-glucose uptake was stimulated to about 170% of the control.
However, lactate production was indifferent at this low
concentration (chapter four). Even more, the concentration
at which D-glucose uptake was gradually inhibited from 10 M
to 1 0, the lactate production showed but a stimulating
effect with a maximum. It is then apparent that there is no
direct relation between glucose uptake and lactate production.
In other words, glucose transport is not a rate limiting step
in spermatozoal glycolysis. This is no surprise as that the
V for transport has been found to be much greater than the
measured glucose consumption rate (Hiipakka and Hammerstedt, 1978)
Since D-glucose and D-fructose transport in human
spermatozoa were inhibited by iodoacetate, which led to
the suggestion that their transports were carrier-mediated
active transports (Glander and Dettmer, 1978). A comparison
of the dose response pattern of D-glucose uptake with that
of the ATP content shows that the inhibition on the D-glucose
uptake by gossypol occurs at too low unaffected ATP content.
In human spermatozoa, the glucose transport is inhibited by
ouabain. The transport can also be influenced by extracellular
sodium level. The sodium ion has been regarded thus as a
positive heterotropic allosteric effector of the D-glucose
transport system (Glander and Dettmer, 1978a). Again, the
gossypol 'effect on the boar spermatozoa D-glucose transport
system involves no sodium ion participation.
Although L-leucine uptake operates at low transport level,
it is sensitive to gossypol, with half-inhibition at 32x10-5M.
At this concentration, only a few activities are so markedly
inhibited by gossypol. This uptake system behave similar to
that of D-glucose and the inhibition is not due to ATP shortage
(comparing the dose response curves of ATP content and L-leucine
uptake). ATP content only begins to drop at about 3.2x10-5M
gossypol. This inhibitory effect on L-leucine uptake thus
may be a result of a direct interaction of gossypol with the
transport system. In the amino acid transport study on BaclttuA
subtilis, three uncouplers: trif luoromethoxy carbonyl cyanide-
phenylhydrazone, 3,3',4',5-tetrachlorosalicylanilide and
pentachlorophenol, have been suggested to inhibit amino acid
transport by interacting at specific sites rather than by
reducing any central supply of energy which is used to fuel
the metabolic processes (Brummett and Ordal, 1977). Similar
effect may occur in gossypol inhibition of L-leucine uptake.
Protein synthesis in spermatozoa only takes place in
the midpiece mitochondria. Reduction in amino acid uptake
caused by gossypol may lead to a shortage of amino acids for
this mitochondrial protein synthesis. Even though the function of
this protein synthesis is still unknown, some proteins so
synthesized may play important roles in the mitochondria
(Bragg and Handel, 1979). In the developing germ cells, this
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gossypol influence on the mitochondrial protein synthesis may
cause a development of defective midpiece mitochondria as
reported previously (Dai et ae., 1978a Dai et ae., 1978b).
Hence even this inhibition may not affect the mature spermatozoal
physiology because of its weak transport activity, its chronic
significance on the developing germ cells should still be
explored.
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CHAPTER SEVEN SUMMARY AND CONCLUSION
(I) The effects of gossypol on many physiological processes of
spermatozoa have been investigated. These include: spermato-
zoal motility; whole cell respiration; hypotonically-treated
cell respiration; spermatozoal electron transport chain
segments whole cell glycolytic activity; various enzymatic
activities; (tricarboxylic acid cycle enzymes, key metabolic
enzymes and fertilizing enzyme); various ATPase activities;
oxidative phosphorylation; ATP content; sodium and potassium
ion contents as well as uptake of sugar (D-glucose) and
amino acid (L-leucine).
(II) The gossypol uncoupling effect in boar mature spermatozoa
has been confirmed.
(III) Besides that, gossypol exhibits a rather diversified inhibitory
effect on many proteinous systems. Nearly all the physiological
processes investigated in UL.'.o were inhibited by high gossypol
concentration (Table 7-1).
(IV) Nevertheless, the reaction patterns can be classified accord-
ing to the inhibition sensitivities and the slight stimulat-
ing effect at lower gossypol concentration. The effects on
each individual process are described and summarized (Table 7-2).
Table 7-1 Effects of gossypol on the physiological processes of spermatozoa (a summary)
Physiological
process©
GossytooI effective concentration (M)
Maximum
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Tricarboxylic acid cycle enzymes (see chapter four, table 1-2): Aconitase Fumarase-sensitive

























































































D-qlucose uptake 3.2x10-6(169%) 1.8x10-5 8.1x10-5 2.5x10-4 Biphasic pattern





Numerical values in bracket represent the observation at the corresponding time.
Numerical values in bracket represent the % activity of control.
Various inhibition concentrations are given. IC20,50,80 mean 20%,50%,80% activities have been
inhibited.
General description is given. For detail, refer to the chapter concerned.
Table 7-2 Classification of gossypol physiological effects
Stimulatioi Tnhi hi+. i nr
I n e r
Concent-
r atio n Response
Concent-
i•Pfi T. nn 7 Response
Forward motilit cr r a r 11 1





low large higl gradual
Hypotonically-treatec
cell(succinate)
lav slight low gradual
NADH cyt C segmeni 1 Ol sligh1
Succinate cvt C segment 1 Pi Qf. P P 7
cyt C Op segment high large
Lactate production(+CN-! 1 OW large h i gh qf.ppr
Lactate production(-CN~ I nu large hi gh s t. p p. r
Hexokinase high st.ppr
LDH(total hi gh si i ght high s t. p p r




Citrate synthaseiii. I.i n. i-.. .1. i i i' hi gh
p f. p p r
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Succinyl-CoA synthetase 1 nu gradual
—————1«.! II' J——
Succinate dehydrogenase hi gh si ight high qf.ppn
Fumarase
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NAD-malate dehydrogenase high Q+ o p Ti
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Oxidative phosphorylatior I n T.r q f. p p n
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*'high' denotes the maximum at or above 10 -1 gossypol.
'low' denotes the maximum below 10-4M gossypol.
** 'high' denotes the threshold at or above 10-4M gossypol.
'low' denotes the threshold below 10-4M gossypol.
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(V) Apparently, the gossypol anti -motifpit/ effect on mature
boar spermatozoa observed in uitro reflects a summation
of many adverse effects on a large variety of physiological
and enzymatic processes.
(VI) This acute effect might not be a direct measure of the
chronic gossypol antifertility effect. However, the fertiliz-
ing enzyme (acrosin) severely influenced by gossypol as
observed in this study might be the most vulnerable target
enzyme of gossypol in the long-term gossypol-fed animal.
This investigation has succeeded in providing this valuable
information.
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